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Astrophysical Motivation

Astrophysical plasmas are commonly
magnetized, with
Yof=2 » B2=8Y4

MHD approximation

Broad class of luminous astrophysical sources
likely accreting black holes

galactic micro quasars

active galactic nuclei

gamma-ra y bursts

Dynamics of accretion °o ws controlled by
magnetic elds

Balbus-Ha wley instabilit y

Disk winds

Blandfo rd-Znajek e®ect



Thin disk simulation

Note event horizon, plunging region, centrifugally supported disk



GRMHD  Equations

Particle numb er conservation:
@ Tgwd) = @ Towl) @ it o)

Ideal MHD:
uF*° =0 E+ vVE B=c= 0
Momentum and energy conservation:
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Induction equation:
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No monop oles constraint:
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Free Oscillations

Nonrelativistic  MHD supp orts 8 mo des:

| 2 entrop y, monop ole
E[12; (KGVa)2 Alfven
E[V4) 12k?(VE + c2) + k?c3(k ¢V a)?] slow, fast
=0 Vo' po_

4Yd/

Relativistic MHD also supp orts 8 mo des:
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IN°0 w Solution

Quasi-analytic mo del for °o w in plunging region.

Assume °ow is:

stationa ry

close to equato rial plane
along lines of constant p
cold (zero pressure)

Fully integrable
Find fast critical point, solve.
Analogous to Weber-Davis model for solar wind.

Gammie (1999), Takahashi et al. (1990), Li (2003)
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magnetic field strength [Fy,]

speci ¢ angula r momentum

of in°0 w solutions




Algo rithm: HARM

Physics
geometry describ ed by line element
ideal °uid dynamics
magnetohydro dynamics

No cooling

Algo rithm
conservative, shock-capturing (HLL solver)
zone-centered
constrained transp ort, r ¢B = 0 to machine precision
second order on smooth °ows

54K zone cycles/second on 2.4GHz PIV

Gammie, McKinney , Tfth (2003)
also DeVilliers & Hawley (2003), Koide et al. (1999)



Co de Veri cation

Nonrelativistic T ests
Ryu & Jones shock tub es
Orszag-T ang vortex

Special Relativistic T ests
Linear modes, up to b?=%= 10°
Komissa rov's shocks

T ransp ort

General Relativistic T ests
Bondi °ow (a=M = 0)
Magnetized Bondi °ow (a=M = 0)
up to b?=%= 103
Magnetized equato rial in°0o w (a=M = 0:5)
Fishb one-Moncrief torus (a=M = 0:9)
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L,(6u)
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fast shock

slow shock J

switch —off
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Densit y for Komissa rov's nonlinea r waves
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Orszag-T ang vortex, HARM vs. VAC, with c¢= 100
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Orszag-T ang vortex, HARM vs. VAC, with c¢= 100
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Kerr metric with a=M = 0:9
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Black Hole Accretion

Mo del
Kerr metric
Kerr-Schild coordinates (reg. on haorizon)
a=M = 0:7
Fishb one-Moncrief torus
small ( min = 100) poloidal “eld

Numerics
r;u transfo rmed to re ne disk
resolution 256 2
rn = 1:68M, inside horizon
Frout = 80M
°0 or in low density regions
evolved for 3000 M



color shows log(densit y)



Results: T orque on Inner Disk
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Spin Equilib rium at a=M » 0:9
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Summa ry

Code
Fully relativistic MHD code
veried on wide range of problems

numerical di+culties for b?=1A 1

Spin Equilib rium
d(a=M)=dt= 0 at a=M » 0:9
for thick (high accretion rate) °ows
thin °o ws di®er

Future
several GRMHD solvers now exist
measure Blandfo rd-Znajek e®ect

spacetime evolution with elecromagnetic

sources



