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OUTLINE

Black Hole Accretion Mo dels

General Relativistic MHD

Black Hole Spinup/Spindo wn

Blandfo rd-Znajek E®ect

Summa ry



Thin Disk Mo del

innermost stable circular orbit
centrifugal balance

plunging region

disk in

Accretion luminosit y:

L = (1 ¡ E) _M 0c2

Ba rdeen (1970): a=M ! 1

Tho rne (1974): a=M ! 0:998

Many mo re sophisticated variants!



Blandfo rd-Znajek Mo del

a/M = 0 0 < a/M << 1

fo rce-free, b2 À ½oc2 + u + p

Spindo wn luminosit y:
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The Real Central Engine?

corona

disk

wind/jet

disk

corona

wind/jet



Magnetohydro dynamic

Mo dels in

F ull General Relativit y



General Relativistic MHD
Equations

Particle numb er conservation:
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Ideal MHD:

u¹ F ¹º = 0 E + v £ B=c = 0

Momentum and energy conservation:
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Induction equation:

@t (
p
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No monop oles constraint:
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GRMHD Co de

Basic Mo del
ideal MHD

stationa ry (Kerr) metric

no co oling

no radiative fo rces

HARM Algo rithm
Gammie, McKinney , T¶oth (2003)

conservative, LLF or HLL

constrained transp ort: r ¢B = 0

axisymmetric (so far)

cova riant

Other GRMHD co des
Koide, Meier et al. (T oyama)

De Villiers, Hawley (Virginia)

Komissa rov (Leeds)

Fragile, Anninos (UCSB)

Duez, Shapiro (UIUC)



Co de V eri¯cation

Nonrelativistic T ests
Ryu & Jones sho ck tub es

Orszag-T ang vortex

Special Relativistic T ests
Linea r mo des, up to b2=½= 10 6

Komissa rov's sho cks

T ransp ort

General Relativistic T ests
Bondi °o w ( a=M = 0)

Magnetized Bondi °o w ( a=M = 0)

up to b2=½= 10 3

Magnetized equato rial in°o w ( a=M = 0:5)

Fishb one-Moncrief to rus ( a=M = 0:9)



Magnetized equato rial in°o w solution fo r a=M = 0:5



Convergence results fo r magnetized equato rial in°o w in the Kerr

metric with a=M = 0:5



colo r shows log(densit y)

movie (thick, thin)



Accretion Flo w Structure
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b ~ 10

~ 1

PLUNGING REGION

McKinney & Gammie 2004



Black Hole Spinup/Spindo wn



T orque on Inner Edge of Disk

McKinney & Gammie 2004



Black Hole Magnetic Spindo wn

thin disk

numerical
model

= a/M

Gammie, Shapiro, & McKinney 2004



Blandfo rd-Znajek E®ect



Magnetic Field Lines

t = 2000 Mt = 0 M

McKinney & Gammie 2004



A F orce-F ree F unnel?

z= 10-3

z= 10-2

z= 10-1

McKinney & Gammie 2004



Compa rison with Blandfo rd-Znajek

h! i ¼ 0:45­ H

   BZ solution

average
numerical solution

McKinney & Gammie 2004



Electromagnetic Flux on Ho rizon
vs. Nominal Accretion Luminosit y

McKinney & Gammie 2004



Conclusions

Robust, tested GRMHD co des now exist.

Black Hole Spin Up/Spin Do wn
Thick accretion °o ws pro duce a=M » 0:9.
Prediction: no holes with a=M » 1.

Blandfo rd-Znajek E®ect
No serious theo retical controversy .
Pro duces up to » 30% of nominal accretion

luminosit y.


