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宇宙物理とは
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Illustration�Credit:�NASA;�ESA;�and�Z.�Levay,�STScI;�Moon�Image�
Credit:�T.�Rector;�I.�Dell'Antonio/NOAO/AURA/NSF

宇宙

Credit:�NASA;�ESA;�G.�Illingworth,�D.�Magee,�and�P.�Oesch,�University�of�
California,�Santa�Cruz;�R.�Bouwens,�Leiden�University;�and�the�HUDF09�Team

Hubble eXtreme Deep Field
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宇宙の歴史
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⼈類の宇宙観
古代インド

http://uchuronjo.com/cosmo/fig_cosmo/zo_kame_hebi.html
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哲学から天⽂学へPgƜǋ^ªgǀ�
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ȑ2�ĕȔǜȈǣȅȒ
AlmagestǑĪ�
�°Ǒ^<ľƶ�

ソクラテス�(BC469-BC399)�
プラトン�(BC427-347)�

アリストテレス�(BC384-322)�
⾃然哲学、天動説

プトレマイオス��
(AD83-AD168)�

『アルマゲスト』�
天動説

コペルニクス��
(1473-1543)�

地動説�
※太陽中⼼説はアリスタルコ

ス(BC310-BC230)が最初
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地動説�vs.�天動説

https://i.imgur.com/AReqgfP.mp4

地動説 天動説
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古代⽇本⼈の宇宙観

• 混沌から宇宙が始まる
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天⽂学から物理学へ^ªgƜǋéðgǀ�

ǚȈȊǘȏǚȈȊǔ
ȑ1564-1642Ȕ�Ȓ
·ŝťƼ¥ĥ
W<ľȔĩ�ƼÓ7�

ǟǼȇȐ
ȑ1571-1630ȔêȒ
ǟǼȇȐƼÓ7
Â,ŌŜƼr'�

ǱȆȐǯȍ
ȑ1642-1727ȔħȒ
�¶�9ȑ1687Ȓ
ő�éðgƼą�

ガリレオ・ガリレイ�
(1564-1642)�
望遠鏡の改良�

地動説、落体の法則

ケプラー�
(1571-1630)�

ケプラーの法則�
楕円軌道の導⼊

ニュートン�
(1642-1727)�
万有引⼒�

近代物理学の祖
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宇宙物理
イメージ 
天体の位置 
明るさ 
時間変動

+物理 = 
宇宙の解明 
予言 

新しい科学

電磁波(光)�
宇宙線

重⼒波

~138億光年�
~1023�km�

遠い

Credit:NASA,�ESA,�H.�Teplitz�and�M.�Rafelski�(IPAC/Caltech),�A.�Koekemoer�
(STScI),�R.�Windhorst�(Arizona�State�University),�and�Z.�Levay�(STScI)
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4つの⼒

• 強い⼒�

• 電磁気⼒�

• 弱い⼒�

• 重⼒

ȘƳƼ9țü��ò�

 Ɔ�Ƙ9�

 ƆŵĄÎ9�

 Ɔ�Ƙ9�

 ƆŠ9�

Üvȑ1935Ȓ�

Faraday
ȑ1830sȒ�

Maxwell
ȑ1864Ȓ�

Newton
ȑ1687Ȓ�

Fermi
ȑ1930sȒ� Einstein

ȑ1915Ȓ�

�
�
�
��
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宇宙と素粒⼦：ウロボロス

Image:�Glashow’s�Snake�rendered�by�
Nancy�Ellen�Abrams�and�Joel�R.�

Primack,�(c)�Abrams,�Primack�2006

クォーク

原⼦核

原⼦
分⼦

DNA
微⽣物 ⼈間

地球
太陽

太陽系

銀河
銀河団

⼤規模構造
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⼀般相対性理論の予⾔
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ニュートン⼒学
• “Philosophiae�Naturalis�Principia�Mathematica”��
(プリンキピア),�I.�Newton,�1687�

• 重⼒の法則(万有引⼒)を数学で記述�

• 惑星運動の理解�

• 古典⼒学�

• 現代物理学へ
http://isaacnewton272.weebly.com/gravity-and-motion.html
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• Albert�Einstein�(1879-1955)�

• 時空の幾何学としての重⼒理論�

• Einstein�⽅程式�(1915)�

• 古典重⼒理論の完成�

• 近代宇宙物理の始まり

⼀般相対性理論

Gµ⌫ =
8⇡G

c4
Tµ⌫

<latexit sha1_base64="nGSYiq/4i0CwkXAjiiMW42QlX2o="></latexit><latexit sha1_base64="nGSYiq/4i0CwkXAjiiMW42QlX2o="></latexit><latexit sha1_base64="nGSYiq/4i0CwkXAjiiMW42QlX2o="></latexit><latexit sha1_base64="nGSYiq/4i0CwkXAjiiMW42QlX2o="></latexit>

16



⼀般相対性理論の予⾔

“Interstellar”

ブラックホール 膨張宇宙

Illustration�courtesy�WMAP�Science�Team,�NASA

星の進化の終末�
天体物理�

Astrophysics

ビッグバンの根幹�
宇宙論�

Cosmology
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Schwarzschild�black�hole
• シュワルツシルト(1873-1916)�

• 第⼀次⼤戦従軍中�

• アインシュタイン⽅程式の球対
称真空解�(1916)�

• 地平線の存在：ブラックホール�

• ⼀般相対性理論発表から１ヶ⽉後

Schwarzschild Black Hole�

  Kerl Schwarzschild

  1916ȑƯƲƯ©Ȏµ�Ȓ

  E. eq.ƼïoĈýčķ

  W~ěƼfVșBH

  1960sƺƹǍǃƶ �
FƢ'ǎǋǎƹƜƲƯ€ 

ds
2 = − 1−

2M

r

 

 
 

 

 
 dt

2 +
dr
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2M
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        + r2
dθ 2 + sin
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• ラプラス�(1799)�

• 脱出速度�(Newton重⼒)�
�
�
~11�km/s�(地球)�

• vesc�=�c�
⇒�R�=�2GM�/�c2��
=�3�km�for�M�=�M⦿�

• シュバルツシルト半径�

Newtonùðķ�
  Laplace (1799)

  ğ0Ŗ�ȑNewtonŠ9Ȓ

  v=c for                      , M=M
#

 ƆǣȆǵȉǬǣȉǯ?��

 ƆƯǃƯǃ�ģüoŁƷ�ĢȑƯưƨğ0HȒ�

°�
~11km/sȑWïȒ
~620km/sȑ_ŮȒ�

€ 

R =
2GM

c
2

= 3km

古典的(Newton的)理解

Image�credit:�NASA/Jerry�Cannon,�Robert�Murray�19



太陽
• 半径�R⦿�~7x1010�cm�

• 質量�M⦿~2x1033�g�

• 光度�L⦿~4x1033�erg/s�

• 表⾯温度�~6000�K�

• 中⼼温度�~1.6x107�K�

• 年齢�~46億年�

• 距離�1�AU�~1.5x1013�cm�~�500光秒 国⽴天⽂台

ひので衛星によるX線画像

ブラックホールになると、~3�km�に潰れる
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星を⽀える⼒
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星の平衡
• 星はどうやって形を保ってる？�

• 圧⼒と重⼒の釣り合い�

• 例：⾵船(圧⼒-張⼒)�

• 釣り合いが保たれていれば、
ブラックホールにならない�

• 表⾯から光�⇒�エネルギーを失
う�⇒�温度が下がる�⇒�圧⼒が減
る�⇒�重⼒で潰れる

圧⼒ 重⼒ 圧⼒重⼒
重⼒

重⼒

圧⼒

圧⼒
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太陽のエネルギー源
• 半径�R⦿�~7x1010�cm,�質量�M⦿~2x1033�g,�光度�L⦿�~4x1033�erg/s�

• 単位質量あたり�~�2�erg/s/g�

• 重⼒エネルギー説(ヘルムホルツ,�19世紀)�

• EG�=�-�G�M⦿�/�R⦿�=�-2�x�1015�erg/g�

• 太陽の寿命は？�

• 隕⽯の放射線年代測定�~�45.5�億年�

• ダーウィン「種の起源」�数億~数⼗億年�

• 重⼒エネルギーでは⾜らない�
23



_ŮƶƼ¿īL�

¿īLƐǗǲȉǜȐ
6.6MeV/Ůe~6.6x1018erg/g
~1000#�ŎƢǍ�
_ŮƽáǎƹƘ�

Bethe (1939)
1967�ƺ
ǳȐǾȉń�€ 

E = Mc
2

ŠŮeD�

E=Mc2
• 静⽌エネルギー説(エディントン,�1920)�

• M⦿c2/M⦿�=�9�x�1020�erg/g�⇒�太陽の寿命~10兆年�

• 静⽌エネルギー�⇒�輻射エネルギーへの転換は？�

• 核融合エネルギー説�(Bethe,�1939)�

• 6.6�MeV/陽⼦�~�6.6�x�1018�erg/g�⇒�太陽の寿命~1000億年�

• 太陽は潰れない�

• ベーテ�
ノーベル賞�(1969)
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太陽ニュートリノ
• 核反応�⇒�ニュートリノ�

• Davis�らが初めて測定�

• ノーベル賞(2002)�

• 予想の1/3

• ニュートリノ振動の発⾒�

• ノーベル賞(2015)�

• 梶⽥・マクドナルド
ICRR
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巨星

• 太陽は⽩⾊矮星になる�

• ⽩⾊矮星コア+外層⼤気�⇒�巨星�

• 外層部では重⼒が弱まりより膨らむ�

• 林フェイズにより⼤きさが制限される�

• ~50億年後には、地球は飲み込まれる
京都⼤学26



量⼦⼒学
• 粒⼦�=�波�

• 1925年�Heisenberg�の⾏列⼒学�

• 1925年�Pauliの排他律�

• 1926年�Schrödingerの波動⼒学�

• 1927年�Heisenberg�の不確定性原理

še9g�

  ÔțĒe

  1925�ƆHeisenbergƼĬ39g

  1925� PauliƼ���

  1926� SchrödingerƼÔ<9g

  1927�ƆHeisenberg �ăl�Bð

�x�p � ~/2
<latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit><latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit><latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit><latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit>
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縮退圧
• 核燃料を使い果たす�⇒�収縮�⇒�縮退圧�

• Pauliの排他律�+�不確定性原理�

• せまいところへ閉じ込めるほど圧⼒が上がる

ĜœU�
ǚǤUƐĜœUƶ¤ƚǍ
PauliƼ���ȓ�ăl�BðƼ{ę�

e 

e e 

e 

e 

e 

e 

e 

ƬǃƘƷƤǏǀŧƩŐǆǍǂƸU9Ɲ�ƝǍ�

�x�p � ~/2
<latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit><latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit><latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit><latexit sha1_base64="pf/N3fSztgz5dHcRyE7kX3xgHJo="></latexit>
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⽩⾊矮星

• 電⼦の縮退圧で重⼒を⽀える�

• ⽩⾊矮星の質量�~�太陽の質量�(~地球の質量の30万倍)�

• ⽩⾊矮星の半径�~�地球の半径�

• ⽩⾊矮星の密度�~�1�トン�/�cc�(~⾓砂糖⼀個が�1�トン)

©wikipedia
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チャンドラセカール限界
• 縮退圧で⽀えられる質量には限界あり��
(チャンドラセカール�1931,�1983年ノーベル賞)�

• 不確定性原理�+�相対論�

• 縮退エネルギー(相対論的)：�

• 重⼒エネルギー：�

• 最⼤質量：
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ǪȅȍǰȇǦǙȐȉŅš�
ŠƦ�

?��

ĜœU�
ȜŠ9�

_ŮƼÊ�

ŠƘ°ƼÊ�
ĜœǗǲȉǜȐ�

Š9ǗǲȉǜȐ�

(ǗǲȉǜȐ�

´]Ēe©�

´]Ņš�

Chandrasekhar(1931)
1983�Nobelń�

ǪȅȍǰȇǦǙȐȉŅš�
ŠƦ�

?��

ĜœU�
ȜŠ9�

_ŮƼÊ�

ŠƘ°ƼÊ�
ĜœǗǲȉǜȐ�

Š9ǗǲȉǜȐ�

(ǗǲȉǜȐ�

´]Ēe©�

´]Ņš�

Chandrasekhar(1931)
1983�Nobelń�

30



4 Bauswein et al.

The lower bound of Mthres given by the measured total
mass of GW170817 is shown as dark blue band. The
radius Rmax of the nonrotating maximum-mass NS is
thus constrained to be larger than 9.26+0.17

�0.03 km.
Instead of using Eq. (1) it may be more realistic to

assume that the remnant was stable for at least 10 mil-
liseconds to yield the observed ejecta properties (high
masses, blue component) (Margalit & Metzger 2017;
Nicholl et al. 2017; Cowperthwaite et al. 2017). In this
case our numerical simulations suggest that Mthres �
Mtot � 0.1 M�. This strengthens the radius constraints
to R1.6 � 10.68+0.15

�0.04 km and Rmax � 9.60+0.14
�0.03 km.

Figure 2 shows these radius constraints overlaid on
mass-radius relations of di↵erent EoSs available in the
literature. Our new radius constraints for R1.6 and Rmax

derived from GW170817 exclude EoS models describing
very soft nuclear matter. For the three EoSs excluded by
our “realistic” constraint in Fig. 2, e.g. the softest EoS
in Hebeler et al. (2013), we crosschecked that numeri-
cal simulations with the binary masses of GW170817 do
indeed result in a prompt collapse.

8 10 12 14 16
R [km]

0.5

1.0

1.5

2.0

2.5

3.0

M
[M

�
]

excluded

excluded

GW170817

Figure 2. Mass-radius relations of di↵erent EoSs with
very conservative (red area) and “realistic” (cyan area) con-
straints of this work for R1.6 and Rmax. Horizontal lines
display the limit by Antoniadis & et al. (2013). The dashed
line shows the causality limit.

3.3. Discussion: robustness and errors

We took an overall conservative approach in this first
study. Future refinements may strengthen these con-
straints. Our way of inferring NS radii is particularly
appealing and robust because it only relies on (1) a
well measured quantity (total binary mass with reli-
able error bars), (2) a single verifiable empirical relation

(Eqs. (2) or (3)) derived from simulations, and (3) a
clearly defined working hypothesis (delayed/no collapse
of the merger remnant). All assumptions can be fur-
ther substantiated and refined by more advanced models
and future observations, and error bars can be robustly
quantified.

(1) Mass measurement: The total binary mass can
be measured with good accuracy and the error bars are
given with high confidence. We fully propagate the error
through our analysis using the low-spin prior results of
Abbott et al. (2017). If GW170817 was an asymmetric
merger as tentatively suggested by the high ejecta mass,
the true Mtot lies at the upper bound of the error band
and our radius constraints become stronger.

(2) Accuracy of empirical relations for Mthres: The
empirical relations (Eqs. (2) and (3)) are inferred from
hydrodynamical simulations (Bauswein et al. 2013a,
2016) and carry a systematic error1 and an intrinsic scat-
ter (stemming from the sample of candidate EoSs, which
do not perfectly fulfill the analytic fit). Mthres has been
numerically determined with a precision of ±0.05 M�.
Deviations between fits and numerical data are on aver-
age less than 0.03 M� and at most 0.075 M�

2. We do
not include this uncertainty in our error analysis because
the numerically determined Mthres of all tested micro-
physical candidate EoSs is significantly smaller than the
maximum of the Mthres(Mmax) sequence for the radius
given by the respective EoS3. Recall that the maxima
of the Mthres(Mmax) sequences are given by maximally
(unrealistically) sti↵ EoSs only constrained by causality.
We thus remain conservative by determining minimum
NS radii through the maxima of the sequences defined
by causality.

1 Simulations for determining Mthres and corresponding fits
employ a conformally flat spatial metric with a GW backreac-
tion scheme (Oechslin et al. 2007; Bauswein et al. 2013a), which
results in a slightly decelerated inspiral (compared to fully rela-
tivistic calculations) and thus leads to a slight overestimation of
Mthres by ⇠ 0.05 M�. We will quantify this e↵ect in future work
and emphasize that a small overestimation implies that our radius
constraints are conservative.

2 We computed Mthres for six additional EoSs not included
in Bauswein et al. (2013a) to verify this accuracy in particular for
EoS models yielding relatively small NS radii (as small as R1.6 =
10.37 km).

3 Within our sample of 17 candidate EoSs the true Mthres

is on average 0.17 M� (0.14 M� for the Rmax sequence) be-
low the maximum Mup

thres of the Mthres(Mmax, R) relation, which
well justifies to neglect the scatter in Eqs. (2) and (3). Three
EoSs (eosAU, WFF1, LS375) are relatively close to the maximum
(⇠ 0.02 M� below Mup

thres). However, these EoS models become
acausal (vsound > c), i.e. unrealistically sti↵, at densities of high-
mass merger remnants, which artificially increases Mthres. For
these EoSs we determined Mthres with a precision of ±0.025 M�.

中性⼦星
• ⽩⾊矮星：電⼦の縮退圧�

• 中性⼦星：中性⼦の縮退圧�

• 粒⼦が相対論的になる条件：�

• ⽩⾊矮星のとき�(m=me) ⇒ 半径�~�4000�km�

• 中性⼦星のとき�(m=mn) ⇒ 半径�~�10�km�

• 中性⼦の発⾒：Chadwick�1932�(1935�ノーベル賞)�

➡中性⼦星の予⾔：Baade�&�Zwicky�1934

cp � mc2
<latexit sha1_base64="VGyOwWiKxHOlpumHQH19oseGwv8="></latexit><latexit sha1_base64="VGyOwWiKxHOlpumHQH19oseGwv8="></latexit><latexit sha1_base64="VGyOwWiKxHOlpumHQH19oseGwv8="></latexit><latexit sha1_base64="VGyOwWiKxHOlpumHQH19oseGwv8="></latexit>

Bauswein+’17
半径

質
量
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余談
• 宇宙物理学において「オーダー評価」は⾮常に重要�

• ⼩さいスケールから⼤きいスケールまで扱う。�

• 複雑な物理が⼊り組んでいる。�

• オーダー評価で、重要な物理を⾒抜く。�

• 興味のある⼈は、https://arxiv.org/abs/1401.1814など読むと⾯⽩い。�

• 実⽣活でも役⽴つかもしれない。�

• フェルミ推定が有名な例。
32
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星の進化
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星の進化

• 中⼼で核融合�(H�→�He�→�C�→� �→�Fe)�

• 質量で星の進化は決まる

Knight�‘97
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パルサー

• 規則的な電波源：⾼速回転する中性⼦星�

• Little�Green�Men�

• ヒューイッシュ��
1974�ノーベル賞�

• ベル�
第⼀発⾒者
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(重⼒崩壊型)超新星爆発

• 星の最後を迎えて爆発する現象�

• 鉄の光分解 → コアの圧⼒が低下 → 星の崩壊�→ 
反動で⼤爆発�

• E�~�1053�erg�(99%�はニュートリノ)�

• 最新の研究でも、超新星爆発の再現はまだ不完全

36



超新星1987A

Angulo-Australian�Observatory

爆発後 爆発前
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超新星ニュートリノ

• Kamiokande,�IMB�で1987A�超新星ニュートリノの検出�(REF)�

• ⼩柴�2002�ノーベル賞

宇宙線研究所
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ブラックホールを⾒よう
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ブラックホール

•光すら脱出できない天体�

• 周囲の物質の運動や放射を通して発⾒可能�

• 太陽程度の重さのブラックホールは重い星の爆発により⽣成

映画・インターステラー
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ブラックホールは光る？

• ブラックホールそのものは光らない。�

• 周囲のガスがブラックホールに落下し、重⼒エネルギーを解放。�

• 解放されたエネルギーが摩擦熱によって光る。

https://www.sbenergy.jp/study/illust/water/ https://apod.nasa.gov/apod/ap131120.html

燃料��
=�ガス

落差
落差

燃料�=�⽔
⽔⼒発電 ブラックホール発電
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ブラックホールの⾒え⽅
• ブラックホール近傍は極限世界�

• ⾼温ガス・⾼エネルギー粒⼦➡X線・ガンマ線も放射

42



はくちょう座X-1:最初のブラックホール

http://www.isas.jaxa.jp/j/japan_s_history ⼩⽥稔
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近接連星系ブラックホール

• ふつうの星とブラックホールからなる連星系�

• お互いの回りをくるくる�
回る�

• 周期~1⽇程度�

• 距離~太陽半径の�
数倍程度

https://apod.nasa.gov/apod/ap131120.html
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激しい時間変動

10秒

X-ray intensity

4秒

ウフル衛星 (Oda et al. 1971) ぎんが衛星 (Negoro 1995)

激しい時間変動（X線）
Oda�＋’71�(ウフル衛星) Negoro+�‘95�(ぎんが衛星)
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円盤不安定モデル
• ブラックホール降着円盤は2つの異なる状態間を⾏来

ガスをためる暗い
状態（静穏状態）

ガスを落として明るく
光る状態（爆発状態）

ブラックホールの周りの降着円盤は、

二つの異なる状態間を行き来する。

Ｘ線新星の円盤不安定モデル

嶺重慎�ブラックホール天⽂学⼊⾨

https://www.youtube.com/watch?v=qKq2OGG7m68ガスを貯める暗
い状態(静穏期)

ガスを落として明
るい状態(フレア期)
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X線で⾒るブラックホール

• ブラックホール円盤はX線で光る�

• 巨⼤ブラックホールからの光

SXDS

1.3 deg2
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⾚外線で⾒るブラックホール

• 天の川銀河中⼼領域の近
⾚外線画像�

• 中⼼で明滅してるのがブ
ラックホール�

• ~1�hr�の動画

http://www.mpe.mpg.de/6591435/Flares-from-the-black-hole
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ブラックホール周囲の運動で⾒る

• ブラックホールが作る重⼒が天体
の運動に影響�

• 銀河の中⼼には、百万�-�百億太陽
質量のブラックホールが存在�

• 天の川銀河では、�
• 4百万太陽質量のブラック
ホール

天の川銀河中⼼の巨⼤ブラックホール�
周辺の星の運動
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ブラックホールから噴出するもので⾒る

• 宇宙ジェット：ほぼ光速で噴き出すプラズマの流れ�

• ~数百�kpc�(⼀千万光年程度の⼤きさ)

© NRAO

Cyg A
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ガンマ線で⾒るブラックホール

• ジェットで加速された粒⼦による放射

フェルミガンマ線衛星
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重⼒波
• 電荷が加速度運動⇒電磁波�

• 質量が加速度運動⇒重⼒波�

• ⼀般相対性理論に基づいた�
アインシュタインの予⾔�

• 中性⼦星-中性⼦星などの合体が強⼒な
重⼒波源 ©LIGO

©KAGRA
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重⼒波の間接観測
• 連星パルサー�PSR�B1913+16�

• 重⼒波放出によって公転周期が変
化�

• ハルス、テイラー�1993�ノーベル賞

Š9ÔƼũ�ĵÛ�
Š9Ôƽû�ĵÛƦǎƵ
ƘƹƘƝũ�ùƺƽfVƝ
Ļ¯ƦǎƵƘǍ

Ř°ǶȉǢȐPSR B1913+16
Š9Ô¦0ƺǊƲƵ)ōN¸
Ɲ[=�

Hulse
Taylor
1993 Nobelń�

Š9ÔƼũ�ĵÛ�
Š9Ôƽû�ĵÛƦǎƵ
ƘƹƘƝũ�ùƺƽfVƝ
Ļ¯ƦǎƵƘǍ

Ř°ǶȉǢȐPSR B1913+16
Š9Ô¦0ƺǊƲƵ)ōN¸
Ɲ[=�

Hulse
Taylor
1993 Nobelń�
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重⼒波で⾒るブラックホール

• 2015年ついに重⼒波直接観測�

• GW150914�、BH-BH�連星�

• ワイス、バリッシュ、ソーン�
2017�ノーベル賞

©LIGO
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ブラックホールの写真？

• M87�銀河�

• 5500万光年�

• 太陽の65億倍の質量

©EHT

• 波⻑1.3�mm�の電波�

• 解像度：20�マイクロ秒⾓
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ブラックホールに落ち込むと？

• 潮汐⼒�

• 頭と⾜での重⼒の差�

• 中⼼までの距離の3乗に反⽐例�

• ブラックホールのサイズは�r�=�2GM/c2�

• 連星系ブラックホールの場合：潮汐⼒�
>104�G�

• 巨⼤ブラックホールの場合：潮汐⼒�~�
0.00005�G

ブラックホール

GM

r2
<latexit sha1_base64="6kBy7Wjj5aQppLTWrYYm7YzUYF4="></latexit>

GM

(r +�r)2
<latexit sha1_base64="gUWT5l7/M+RI1VVxH0FF66P1DTk="></latexit>
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ブラックホールと銀河

• 重いブラックホールほど重い銀河に付随

204 GÜLTEKIN ET AL. Vol. 698

Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M!(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

© NASA
Gultekin+’09
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ブラックホールと宇宙

• ブラックホールの活動が周囲のガスを押しのける

AA50CH11-Fabian ARI 19 July 2012 13:33

a

b c

Figure 6
(a) Chandra X-ray image of the Perseus cluster core. Red-green-blue depicts soft to hard X-rays. The blue
features near the center are due to absorption by the infalling high-velocity system, a galaxy that must lie at
least 100 kpc closer to us in the cluster (otherwise the absorption would be filled in with cluster emission).
Note the clear inner and outer bubble pairs as well as the weak shock to the northeast of the inner northern
bubble. (b) Pressure map derived from Chandra imaging X-ray spectroscopy of the Perseus cluster. Note the
thick high-pressure regions containing almost 4PV of energy surrounding each inner bubble, where V is the
volume of the radio-plasma-filled interior (Fabian et al. 2006). (c) Unsharp-masked image showing the
pressure ripples or sound waves.

order of 100 kpc, which is thus in the required range (Fabian et al. 2005). The intracluster gas
is, however, magnetized (as inferred from Faraday rotation measurements; see, e.g., Taylor et al.
2007), in which case the value of the viscosity is not clear (see Kunz et al. 2011, Parrish et al.
2012, Choi & Stone 2012). It is important to realize that for transport purposes, much of the
relevant intracluster gas cannot be classified as either collisional or collisionless but is somewhere
in between.

470 Fabian
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~100万光年

59



ブラックホールの宇宙論的進化

• 明るいブラックホール
ほど昔にたくさん。�

• 明るい�~�重い。

The Astrophysical Journal, 786:104 (28pp), 2014 May 10 Ueda et al.

Figure 11. Comparison of the best-fit XLF shape between different redshifts
(CTN AGNs only).
(A color version of this figure is available in the online journal.)

also gives a good description of our data. Unlike the LDDE,
the LADE assumes a constant relative shape of the XLF in the
logarithmic scales over the full redshift range, and its break
luminosity and normalization is given as a function of redshift.
We perform an ML fit to the whole sample by adopting the
same formulation of the XLF as given in Aird et al. (2010). A
chi-squared test for the two-dimensional histograms of flux and
redshift between the best-fit model and data yields χ2 = 207.1
(dof = 114). The LADE model is thus rejected with a p value
of <10−7. We infer that it is difficult to distinguish the LDDE
and LADE models in Aird et al. (2010) because of the smaller
number of samples used there; indeed Aird et al. (2010) show
that the LDDE gives a better fit to their data than the LADE,
although the difference is not significant.

6.4. Comparison with Previous Works

The parameters of the AGN XLF are better constrained than in
any of previous works thanks to our large sample size (≈15 and
≈4 times larger than those used by U03 and H05, respectively).
Here, we compare them with those of the LDDE model by
U03 and by H05 as representative ones. Although the direct
comparison with U03 is not trivial as the formulation of the
XLF in U03 is simpler than ours (e.g., β1 = 0 is assumed in
U03), the overall parameters are in good agreement between
our work and U03 except for γ2. The overall shape of our XLF
derived for all CTN AGNs is almost consistent with that by
H05 derived only for type-1 AGNs (see their Table 5) within
the errors except for α (=α1 in our paper), which is found to be
slightly larger (α1 = 0.29±0.02) than in H05 (α = 0.21±0.04).
Note that the zc,44 = 0.21 ± 0.04 parameter defined in H05 can
be converted to zc = 1.96 ± 0.15 with α = 0.21 (=α1 in our
paper), and thus agrees with our result (zc = 1.86 ± 0.07). Our
best-fit model has steeper slopes in the double power-law form
for the local XLF, γ1 = 0.96 ± 0.04 and γ2 = 2.71 ± 0.09, than
those obtained by H05. This can be explained by the luminosity
dependence of the absorbed-AGN fraction. Our local XLF is
well consistent with the Ballantyne (2014) result as determined
by the “multiband” fit.

We also determine the evolution of the absorption fraction
with an unprecedented accuracy, a1 = 0.48 ± 0.05, in the form

Figure 12. Comoving number density of AGNs plotted against redshift in
different luminosity bins (CTN AGNs only). The curves are the best-fit model,
and the data points are calculated from either the soft- or hard-band sample (see
Section 6).
(A color version of this figure is available in the online journal.)

of (1 + z)a1 that is saturated above z = 2. La Franca et al.
(2005) model the redshift evolution of the absorption fraction
by a different parameterization, adopting a linear function of z
for the fraction of AGNs with log NH < 21. According to their
best-fit model (model 4), where the constant NH distribution is
assumed over log NH = 21–25, the fraction of absorbed CTN
AGNs (log NH = 22–24) in the total CTN AGNs (log NH < 24)
at log LX = 44 is 2.3 times higher at z = 2 than at z = 0. This
corresponds to a1 ≈ 0.75 when modeled by (1 +z)a1. Similarly,
Hasinger (2008) obtain (1 + z)0.62±0.11 that is saturated at z > 2.
The reason why both La Franca et al. (2005) and Hasinger
(2008) obtain larger indices than ours could be the difference
in the adopted absorption fraction in the local universe. Both of
them utilize the HEAO1 samples, from which somewhat smaller
absorption fractions are estimated compared with the Swift/
BAT and MAXI results. In the La Franca et al. (2005) model,
the fraction of CTN AGNs in the total CTN AGNs is ≈0.25
at log LX = 44, which can be converted to ψ0

43.75 ≈ 0.31 with
β = 0.24. This value is similar to that presented in Hasinger
(2008), while it is smaller than our result obtained from the
Swift/BAT sample, ψ0

43.75 = 0.43 ± 0.03. The reason for the
discrepancy is unclear but may be attributed to the statistical
error due to the small size of the HEAO1 A2 sample (Piccinotti
et al. 1982) and/or incompleteness of the HEAO1 A1 and A3
sample (Grossan 1992). Note that our best-fit slope is larger
than that in the model by Ballantyne et al. (2006), a1 ≈ 0.3,
where the absorption fraction is assumed to be saturated above
z = 1.0. Treister & Urry (2006) obtain a similar slope to ours,
a1 ≈ 0.4 ± 0.1 without saturation up to z = 4, by correcting
for selection biases due to the low completeness (53%) in their
sample.

7. STANDARD POPULATION SYNTHESIS
MODEL OF THE XRB

7.1. Model Predictions

We have constructed a new XLF of AGNs by utilizing one
of the largest samples with a high degree of identification com-
pleteness combined from surveys in different energy bands. We
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まとめ

• 宇宙物理学は様々なスケールの物理を⽤いる。�

• 現代はブラックホール天⽂学の時代�

• ブラックホールは「⾒える」
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