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ブラックホール
候補天体

銀河中心巨大BH周りの
恒星運動や重力理論



Today’s Menu

１）これまでの重力テスト 

２）ブラックホール
　の一意性定理

３）観測的検証に向けて

４）理論的な課題 



１）イントロ 

ニュートン 

アインシュタイン 

「重力」 

万有引力

時空の力学

遠隔力

一般相対性理論
Who?

時空＋量子 ？？（未完成）



1919年、皆既日食



一般相対性理論の方が正しい証拠
光の曲がり（重力レンズ）
水星の近日点移動

シャピロの時間の遅れ（レーダー）

連星パルサー
（上の３個＋公転周期の減少）



Will, LRR (06)

08/09/26 10:27Figure 5

ページ 1/1http://relativity.livingreviews.org/Articles/lrr-2006-3/fig_5.html

Figure 5: Measurements of the coefficient (1 + )/2 from light deflection and time delay measurements.

Its GR value is unity. The arrows at the top denote anomalously large values from early eclipse
expeditions. The Shapiro time-delay measurements using the Cassini spacecraft yielded an agreement

with GR to 10–3  percent, and VLBI light deflection measurements have reached 0.02 percent. Hipparcos
denotes the optical astrometry satellite, which reached 0.1 percent.



弱い重力場（太陽系）

かなり強い重力場（連星パルサー）
O(10    )

O(10    )

O(1)
強い重力場極限（ブラックホール）
の観測的検証はある

でのテストはこれから！！

-5

-1



一般相対論効果

水星の近日点移動

43秒角／世紀

ニュートン力学での
他の惑星による影響

531秒角／世紀

（金星＝277、木星＝153）

古い話‥

＝

ー



新しい重力物理の効果

強重力場での
「特異」な運動

一般相対論での
他天体による影響

近い将来‥

ー

＝



光でさえ脱出できない
強い重力を持つ天体

2）ブラックホール

境界＝ホライズン
の大きさ

2GM

c2

シュバルツシルト半径



一意性定理 

4次元時空

定常（時間的に変化しない）
漸近的に平坦

　　　　　   （遠くに離れれば影響無し）

仮定

真空（もしくは電磁場）



アインシュタイン方程式の解

カー解のみ
（M, J）

Israel (1967) Carter (1970) 
Hawking (1973) Robinson (1975)



アインシュタイン方程式の解

カー・ニューマン解のみ
（M, J, Q）

＋電磁場



理論＝一般相対性理論

を仮定すれば、
ブラックホールの
「一意性定理」
が数学的に証明

要するに



裏を返せば、
観測的に「一意性定理」を検証

一般相対性理 
or 

新しい重力物理の兆候？

強い重力極限での理論をテスト

（高次元、新しい場、Horava、、）



３）観測的検証に向けて 

A）質点 (s~0) でプローブ
　（星の運動） 

B）光 (s=1) で
　　　　　　　（ブラックホールシャドー）

C）重力波 (s=2) で
（固有振動）



Q2 = −J2

M

ポイント
一意性定理により
多重極モーメントは唯一

（注) 通常の天体 内部構造

様々な多重極

四重極
（歪み）



質点の運動方程式
＠PN近似

L26 WILL Vol. 674

Fig. 1.—Orbital periods vs. eccentricity required to give measurable rela-
tivistic precession rates. Dotted curves show minimum periods vs. e that avoid
tidal disruption, for various stellar masses. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 2.—Relativistic precession amplitudes vs. black hole spin parameter x.
[See the electronic edition of the Journal for a color version of this figure.]

2. ORBIT PERTURBATIONS IN THE FIELD OF A
ROTATING BLACK HOLE

For the purpose of this rough analysis, it suffices to work
in the post-Newtonian limit. The equation of motion of a body
of negligible mass in the field of a body with mass M, angular
momentum , and quadrupole moment is given byJ Q2

˙Mx Mx M Mr2a p ! " 4 ! v " 4 v( )3 3 2r r r r

2J ˆ ˆ ˆ˙! [2v ! J ! 3rn ! J ! 3n(h · J)/r]3r

3 Q2 2ˆ ˆ ˆ" [5n(n · J) ! 2(n · J)J ! n], (1)42 r

where and are the position and velocity of the body,x v
, , , and (see, e.g., Willˆ˙n p x/r r p n · v h p x ! v J p J/FJF

1993). The first line of equation (1) corresponds to the
Schwarzschild part of the metric (at post-Newtonian order), the
second line is the frame-dragging effect, and the third line is
the effect of the quadrupole moment (formally a Newtonian-
order effect). For an axisymmetric black hole, the symmetry
axis of the hole’s quadrupole moment coincides with its rotation
axis, given by the unit vector . The magnitude of the quad-Ĵ
rupole moment will be left free.

Using standard orbital perturbation theory, we find that the
precessions per orbit of the orientation variables are given by

D# p A ! 2A cos aS J

1 2! A (1 ! 3 cos a), (2a)Q22

sin i DQ p sin a sin b(A ! A cos a), (2b)J Q2

Di p sin a cos b(A ! A cos a), (2c)J Q2

where

A p 6pM/p, (3a)S

3 1/2A p 4pJ/(mp ) , (3b)J

2A p 3pQ /mp , (3c)Q 22

where is the precession of pericenterD# p Dq " cos i DQ
relative to the fixed reference direction and is2p p a(1 ! e )
the semilatus rectum. The quantities a and b are the polar
angles of the black hole’s angular momentum vector with respect
to the star’s orbital plane defined by the line of nodes and theep

vector in the orbital plane orthogonal to and .e e hq p

The structure of equations (2b) and (2c) can be understood
as follows: equation (1) implies that the orbital angular mo-
mentum precesses according to , where theh dh/dt p q ! h
orbit-averaged is given by ; the orbitˆq q p J(A ! A cos a)J Q2

element variations are given by anddi/dt p q · ep

. As a consequence, we have the purely geo-sin i dQ/dt p q · eq

metric relationship

sin i dQ/dt
p tan b. (4)

di/dt

To get an idea of the astrometric size of these precessions,
we define an angular precession rate amplitude V̇ pi

, where D is the distance to the Galactic center and(a/D)A /Pi

is the orbital period. Using3 1/2 6P p 2p(a /M) M p 3.6 # 10
and kpc, we obtain the rates, in microarcsecondsM D p 8,

per year,

!1 2 !1V̇ ≈ 13.3P (1 ! e ) , (5)S

!4/3 2 !3/2V̇ ≈ 0.847xP (1 ! e ) , (6)J

!3 2 !5/3 2 !2V̇ ≈ 9.68 # 10 x P (1 ! e ) , (7)Q2

where we have assumed . The observable pre-3 2FQ F p M x2

cessions will be reduced somewhat from these raw rates be-
cause the orbit must be projected onto the plane of the sky.
For example, the contributions to and are reducedDi sin i DQ
by a factor ; for an orbit in the plane of the sky, the planesin i
precessions are unmeasurable.

Will, ApJL (2008) 

M

Q2

J



軌道角運動量の発展方程式

d!h

dt
= !ω × !h

J, Q2

(コマの歳差との類似)

(角度依存性が異なる)



Sagitarius A 
　　(Sgr A、いて座A)

(天の川銀河中心の
　　　　　巨大ブラックホールの候補)

我々の銀河系中心にあ
る複数の電波源

Sgr A*

コンパクトな強い電波源



SgrA*

Figure 2: Rainer Schödel, S0826712

Schoedel+, Nature (2002) 



Schoedel+, Nature (2002) 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Figure 3: Rainer Schödel, S0826713



VLBA観測
Schoedel et al, Nature (2002) 

T＝15.2 年

a＝17 光時＝120天文単位

M=(3.7±1.5) 
　　　　　×10^6　太陽質量



シュバルツシルト半径

10^7 km 
~0.1天文単位



LETTERS

Event-horizon-scale structure in the supermassive
black hole candidate at the Galactic Centre
Sheperd S. Doeleman1, Jonathan Weintroub2, Alan E. E. Rogers1, Richard Plambeck3, Robert Freund4,
Remo P. J. Tilanus5,6, Per Friberg5, Lucy M. Ziurys4, James M. Moran2, Brian Corey1, Ken H. Young2,
Daniel L. Smythe1, Michael Titus1, Daniel P.Marrone7,8, Roger J. Cappallo1, Douglas C.-J. Bock9, Geoffrey C. Bower3,
Richard Chamberlin10, Gary R. Davis5, Thomas P. Krichbaum11, James Lamb12, Holly Maness3, Arthur E. Niell1,
Alan Roy11, Peter Strittmatter4, Daniel Werthimer13, Alan R. Whitney1 & David Woody12

The cores of most galaxies are thought to harbour supermassive
black holes, which power galactic nuclei by converting the grav-
itational energy of accreting matter into radiation1. Sagittarius A*
(Sgr A*), the compact source of radio, infrared and X-ray emission
at the centre of the Milky Way, is the closest example of this
phenomenon, with an estimated black hole mass that is
4,000,000 times that of the Sun2,3. A long-standing astronomical
goal is to resolve structures in the innermost accretion flow sur-
rounding Sgr A*, where strong gravitational fields will distort the
appearance of radiation emitted near the black hole. Radio obser-
vations at wavelengths of 3.5mmand 7mmhave detected intrinsic
structure in Sgr A*, but the spatial resolution of observations at
these wavelengths is limited by interstellar scattering4–7. Here we
report observations at a wavelength of 1.3mm that set a size of
37z16

{10 microarcseconds on the intrinsic diameter of Sgr A*. This is
less than the expected apparent size of the event horizon of the
presumed black hole, suggesting that the bulk of Sgr A* emission
may not be centred on the black hole, but arises in the surrounding
accretion flow.

The proximity of Sgr A*makes the characteristic angular size scale
of the Schwarzschild radius (RSch5 2GM/c2) larger than for any
other black hole candidate. At a distance of ,8 kpc (ref. 8), the
Sgr A* Schwarzschild radius is 10 mas, or 0.1 astronomical unit
(AU). Multi-wavelength monitoring campaigns9–11 indicate that
activity on scales of a few RSch in Sgr A* is responsible for observed
short-term variability and flaring from radio to X-rays, but direct
observations of structure on these scales by any astronomical tech-
nique has not been possible. Very-long-baseline interferometry
(VLBI) at 7mm and 3.5mm wavelength shows the intrinsic size of
Sgr A* to have a wavelength dependence, which yields an extrapo-
lated size at 1.3mm of 20–40 mas (refs 6, 7). VLBI images at wave-
lengths longer than 1.3mm, however, are dominated by interstellar
scattering effects that broaden images of Sgr A*. Our group has been
working to extend VLBI arrays to 1.3mm wavelength, to reduce the
effects of interstellar scattering, and to utilize long baselines to
increase angular resolution with a goal of studying the structure of
Sgr A* on scales commensurate with the putative event horizon of the
black hole. Previous pioneering VLBI work at 1.4mm wavelength
detected Sgr A* on 980-km projected baselines, but calibration

uncertainties resulted in a range for the derived size of 50–170 mas
(ref. 12).

On 10 and 11 April 2007, we observed Sgr A* at 1.3mm wave-
length with a three-station VLBI array consisting of the Arizona
Radio Observatory 10-m Submillimetre Telescope (ARO/SMT) on
Mount Graham in Arizona, one 10-m element of the Combined
Array for Research in Millimeter-wave Astronomy (CARMA) in
Eastern California, and the 15-m James Clerk Maxwell Telescope
(JCMT) near the summit ofMauna Kea inHawaii. A hydrogenmaser
time standard and high-speed VLBI recording system were installed
at both the ARO/SMT and CARMA sites to support the observation.
The JCMTpartneredwith the Submillimetre Array (SMA) onMauna
Kea, which housed the maser and the VLBI recording system and
provided a maser-locked receiver reference to the JCMT. Two 480-
MHz passbands sampled to two-bit precision were recorded at each
site, an aggregate recording rate of 3.843 109 bits per second
(Gbit s21). Standard VLBI practice is to search for detections over
a range of interferometer delay and delay rate. Six bright quasars were
detected with high signal to noise on all three baselines allowing array
geometry, instrumental delays and frequency offsets to be accurately
calibrated. This calibration greatly reduced the search space for
detections of Sgr A*. All data were processed on theMark4 correlator
at the MIT Haystack Observatory in Massachusetts.

On both 10 and 11 April 2007, Sgr A*was robustly detected on the
short ARO/SMT–CARMA baseline and the long ARO/SMT–JCMT
baseline. On neither day was Sgr A* detected on the CARMA–JCMT
baseline, which is attributable to the sensitivity of the CARMA station
being about a third that of the ARO/SMT (owing to weather, receiver
temperature and aperture efficiency). Table 1 lists the Sgr A* detec-
tions on the ARO/SMT–JCMT baseline. The high signal to noise
ratio, coupled with the tight grouping of residual delays and delay
rates, makes the detections robust and unambiguous.

There are too few visibility measurements to form an image by the
usual Fourier transform techniques; hence, we fit models to the vis-
ibilities (shown in Fig. 1). We first modelled Sgr A* as a circular
Gaussian brightness distribution, for which one expects a Gaussian
relationship between correlated flux density and projected baseline
length. The weighted least-squares best-fit model (Fig. 1) corre-
sponds to a Gaussian with total flux density of 2.46 0.5 Jy and full

1Massachusetts Institute of Technology (MIT) Haystack Observatory, Off Route 40, Westford, Massachusetts 01886, USA. 2Harvard-Smithsonian Center for Astrophysics, 60
Garden Street, Cambridge, Massachusetts 02138, USA. 3University of California Berkeley, Department of Astronomy, 601 Campbell, Berkeley, California 94720-3411 USA. 4Arizona
Radio Observatory, Steward Observatory, University of Arizona, 933 North Cherry Avenue, Tucson Arizona 85721-0065, USA. 5James Clerk Maxwell Telescope, Joint Astronomy
Centre, 660 North A’ohoku Place University Park, Hilo, Hawaii 96720, USA. 6Netherlands Organization for Scientific Research, Laan van Nieuw Oost-Indie 300, NL2509 AC The
Hague, The Netherlands. 7National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, Virginia 22903-2475, USA. 8Kavli Institute for Cosmological Physics,
University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637, USA. 9CARMA, PO Box 968, Big Pine, California 93513-0968, USA. 10Caltech Submillimeter Observatory, 111
Nowelo Street, Hilo, Hawai’i 96720, USA. 11Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany. 12OVRO, California Institute of Technology, 100
Leighton Lane, Big Pine, California 93513-0968, USA. 13University of California Berkeley, Space Sciences Laboratory, Berkeley, California 94720-7450, USA.
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Pioneering works by 
             Japanese radio astronomers

Miyoshi + (1995)
Nakai + (1993)



見かけの歳差の大きさ

∼ 5µas/yr = 5× 10−6arcsec/yr ＠J

＠Q_2∼ 1µas/yr = 1× 10−6arcsec/yr

χ ≡ J

M2
= 0.7＠

Θ̇ =
A

P

a

D

A=Precess   
a=semimajor

D=distance to GC



観測精度（２次元位置決定）

＞数十マイクロ秒角

現在は無理‥



SIM Lite

GAIA



SIM（米）202X

数マイクロ秒角

しかし、銀河中心方向は×

JASMINE（日）202X

近赤＝＞銀河中心方向も○

＞10マイクロ秒角

< GAIA



“Ultimate JASMINE” 
203X

1マイクロ秒角



４）理論的な課題 

１．軌道決定法

PS

PL

iω
x

yz

x’

Pe

図 7: ケプラー軌道を射影したもの．視線は z軸方向下向き．青

色の実線はケプラー軌道を，赤色の破線は視楕円を示す．

29

図 8: 星の位置の時間変化の概念図 (その 2)．図 6に共通重心の

位置 (水色の丸)を加えた．共通重心を頂点とする各パイ図形が

見える．

30

浅田, 「観測的2体問題の進展」
日本物理学会誌８月号(2006) 



ニュートン重力では

GR (or PPN)へ拡張

実視連星

位置天文的連星

Savary, Thiele-Innes, etc 

Asada, Akasaka, Kasai (2004)

（2D位置データから）

逆問題の解法＋唯一性



強い重力での多体効果

一般相対論効果を
入れた３体問題

Imai, Chiba, Asada, PRL(2007)

SgrAなどの強重力天体系での
３体(以上の)GR効果

「8の字解」


