ISy h— LB A
Black-Hole Accretion Disks: Revised

1 Introduction (Introduction and 8 Transonic Nature of
Qliamitirs Accretion Flows

Physical Processes
: SR 1. Topology of Black-Hole
3 Classical Models >

. Accretion
4. Secular and Thermal Instabilities 2. Regularity Conditi t
5. Dwarf-Nova Type Instability X - Regularity Londition ata
o s Critical Radius
6. Observability of Relativistic Effects .
7 Basic Equations 3. Numerical Examples of
: Transonic Flows

RS UL 4. Transonic Flows with
9 gmagxglxgigmem Accretion Standing Shocks
10. Supercritical Accretion Flow and \r

Slim Disk

11 Basics of Disk Oscillations
12. Quasi-Periodic Oscillations
e ** Relativistic Radiation Flow:
Velocity-Dependent Variable
Eddington Factor
2010/10/12 Black-Hole Accretion Disks -

=8, \
29I R—IVERER

o BREANSEOTEAHEHELLDOAAMN

TV IR—IILETRET H=0HICIF:
- AEHEERHLST HENLE
— I<lcat r=ro
- (HK)ELRAIEICES (ABA D) AES SHIX
- BREABRGEICLDAEHEDETEY
< EHLERLIHSICIPAEHEDS|IERE
- BEEABRFR) ZBLRITNERSLY
— inorder to v=c at r=ry, v=C, at r=r,
« ENAERTHLASH,
s WEBETRALY 5

2010/10/12 ccretion Disks

Bl EETTILORGEES
FHEDRIRE: RE
o JUREREH A L e
o BBARERAETILIRS . | '

a

— Watarai et al. 2005

2010/10/12

%
T

8.1 I59i=l

2010/10/12 Black-Hole Accretion Disks 2

8, EHEETILDNGEE
HEDERE
o NURBREH —
- mgEBENCERE ! |
— hLHDY—ELECE :

0
1w
0 o 0
[ T T T T

o ERABERXEDILICHC T

2010/10/12 Black-Hole Accretion [ TR T I T

e . .
2. ISyhk—ILIEE R -
MROS—:Za—r2 GERETE)
o EE-ENTR. B hOBEIREEL)
e EBRXFRL F B (Bondi 1952)
1. Eham~Eh
ERS 1 i
=saddle ($5) Mt
o EhRFRMARAKEESE (Limber 1964) 1
- AEHE/N—E o
1. EhAR~EH
AEERRAT (B)
=saddle (¥%55)
2. EDLHOREE M|
hREERHR2(0) il (i

=center (&l 5) N
o2 P
201011012 ! L

Tbarrier = i T r




8, ISyk— ILEE R R ISyhk— LEE R
MRS — Ak (ElstE) RO FAR 5 (A5 1)

o EE-BEXITR. JEAE (OBIRHRLEL) o EE-EXT, HEICLIAESHEREHY
o FEXERAOF ALK FETE (Fukue 1987 for Sch.; o FAXERAOMA 2K %7 (Poland Paczynski group,
Nakayama and Fukue 1989 for Kerr) Kyoto Kato group 1980°s)
AEEE /H—E .- AEHE /A ETHL
1. EHBE~ES 1. ENBE~ES
- SMEPEESRA1(B) ! . SEEESR AT
=saddle (¥ %) i =saddle ($25) or node (¥ s) S—
2. EDLHOREEE 2 E:E\ﬁgﬂﬁéﬁ N7
FREGF R2(0) e T 0= . HRERF2 AN o
=center GAID &) W - 2 Mr ] =center GBI &) or spiral GBARA) 7/~ SO0
3. mnmeeEn M|\, /| o 3. AAHREED .
- mEEREAD) 1 K O) /\ﬁ - X(EX]  mBERAS
=saddle ($24) ’/ =7 / \,_,_N =saddle (¥2 ) or node (&% /)

2010/10/12 Black — Black-Hole Accretion Disks

'— —— .zolo/To;ij‘L’ ﬁﬁ%ﬁ)é

*
x

= - R A

Table 2.1 Roots and Types of Critical Points.

o BRI RN e ———
—- ROERAE I  with came sign '.,::.\,"
e BERADIMROS— o il
.r'/'=- = 4% . Iﬁ“ R o
2 rﬁ%‘ﬂxfﬁ" 4 # masaddle

- ¥&&i mnode
« il Mcenter/spiral
— JERGTE, ETER
« B
— FhikE, BMRE
- FEET R
2oonond BUL causality REOBIEM. . ion osks

2010/10/12 Black-Hole Accretion Disks

<8 ISyhR— LR <8 ISyhR— LR
BG5S St AR SR (JERETE) B 5 S - AT 3R (BB 1)

° Eﬁ-imiﬁfr\‘ FEHETEHEERDEEEZAND o EE - A THEROMEERANSL -
& o HEXIIRAIFI B4R RE TS (Abramowicz and Kato 1989)
o HHxIEmAO 8K (Fukue 1987) . BEHE /H—ETHL
- BEBE /H—F - EHEER~EN
- EABER~FAH - SMERERR A1

- SMERERSF R
=saddle (¥ )

=saddle (¥ )
- BRILSDEEE
- RREEF M2
=center GAIL R e
~ X HIE S
- NEBERF M3
=saddle (¥ m)

100
2010/10/12



8 IS59oR—ILEE R

PR R i A8t am (Ra 1)

o EE -, MEICLIAEHEREHY

o AR EREI A RS

Fig. 9.3 Diagram show-

;'$
e
T

Fig. 9.4 Same as figure

MO NIRIEE

o HIDREDEADH y=-GM/(r-r,)
e BFE 0/0t=0

o BT 0/09=0

o EMIFRISE H<r

e HLFEMIZEL o>1

o 7 IS—EiE-HREEENTRADERE

o FKEFE
o EVT&T (REMEIE =TG4 H)
o ofhE

¥
tﬂ?
T

— Fukue 1987

* N=2

HHEREOMS FEAREZOFEMH!

Paczynski and
Bisnovatyi-Kogan
1981; Muchotrzeb and
Paczynski 1982;
Muchotrzeb 1983;
Matsumoto et al. 1984;
Abramowicz and Kato
1989; Kato et ‘I. 1988

TV R—IVREE R
SUEAZ - FE 3 5m (GEHG1E)

A Bx
R TRl

r

UFEHR)
« E=1.005 It Le
« =15

o | AVPELY

ERVF e
(BRFH)
MRER
o ___ond

RS ARSI

2010/10/12 Black-Hole Accretion Disks

s e e

2010/10/12 log®

8. JISyhk—ILEE R

$hfief# . A8 >f 5 (FERETE)

AR [E%
— Fukue 1987 bt Eintas
+1 Trm TrTTTT—T
« N=2 oD r r
(ErmEFEN) 2ol il
« E=1.005 - E
. I=1.6
o I AAKRE : 2L,
chmsamee [l D -
HER L I e E
2010/10/12 T — &)



Tog M
+1 T T v T T T
ol
=l
-2
OESREE

logr

Fig. 7.6 Mach numbers for several parameters in figure
7.5.  From top-left to bottom-right, parameters are (¢, E)
= (1.200,1.040), (1.500, 1.040), (1.200,1.0050), (1.460,1.005),
(1.500,1.005), (1.520,1.005), (1.600,1.005), (1.670,1.005),
(1.800,1.005), (1.710,0.970), (1.800,0.970). For sufficiently
large E, the gas is pushed inward by passing through the in-
nermost critical points. For the values of E smaller than unity,
the gas is gravitationally bound. For intermediate values of E,
there exist many variety of transonic solutions. (After Fukue
1987)
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Table 8.3 Different natures of transonic flows (Tr‘, = —aH).

a £ ro Infall process Topology  Stability
small > fms < ma pressure-driven saddle stable
large < fpys > rpg  viscosity-driven node unstable
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Table 9.1 Standard and Advection-Dominated Disks.

Model standard disk optically thin ADAF
Energy Q\j—lg = Qr_ad j—is = S_dv
T (~rg)  ~10°K (AGN) T, ~ 10'2K
~ 107K (XBs) T. ~ 10°K
L o« M o M?
tacc > tﬁ Z tff
H L r <r
Flow disk accretion (nearly) spherical

Spectra UV bump (AGN)
soft X (XBs)

hard power-law
+ Compton bump
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x5
CDAF, ADIOS, MHD

o ADAF:advection-dominated accretion flow

e ADIOS:adiabatic inflow-outflow solution—advection-dominated inflow-
outflow solution

CDAF : convection-dominated accretion flow
MHD Flow : magnetohydrodynamic flow

Table 9.1 Representative Flow Structure of RIAFs

accretion mode p(r) T(r) vr(r) a(r)
ADAF xr~!5 Tl 7052 constant
ADIOS o r! o pr! ot constant
CDAF oxr705 ol o r—15 constant
MHD flow o r705 Tl o 15 ot

Xt R AR5
MHD Accretion Flow

e f=f2L. spectral paradox e Sgr A*~ i
BEET S
e MHD Flow [ZADAF&
YEBLGZEE D
— ADAF  pocr?
— MHD flow pocr? (a<1)
o X{RMEE TRELI Y
ZAslN=p%i ¢
— flaring state O
— quiescent state X

Ohsuga et al. 2005
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** Relativistic Radiation Flow: 1
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Eddington Factor
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n=0, m=0
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fundamental mode (n=0) in the vertical direction
axial-symmetric case (m=0)
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n>2

(@7 = k%)(@% — Q%) = &% k2c2.

overtone (n>2) in the vertical direction
® 0,2>nQ, 2+m?2c2/r?, 0<m?<K?

& (w,) :acoustic wave / p-mode
1& (w.) : gravity wave / g-mode
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Z b (inertial-)acoustic wave / p-mode
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<8, B3 P AR D MR B

n=1
(@ — k) (@% — nQ%) = k2.

overtone (n=1) in the vertical direction
® 0,2>Q, 2+m?cr2~Q, 2, 0<o?<k?

& (w,) :corrugation wave / c-mode
1E () : gravity wave / g-mode
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o 2B X diagnostic diagram
» {=#&Rpropagation diagram

» D EHEwave trapping
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