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PresRemarks

SETE motion of gases is dictated by
redynamics (Labrapplications, aircraft Wings,
iy Daryons in the cosmos). Numerical
pplications go under the name of
(with many codes available,

even relativistic ones).
—

= %R many space plasmas, however, magnetic
fields are involved (solar corona and solar wind
e.d., everywhere with synchrotron emission) =»
field of A
few codes are available for astrophysical
applications — but this field is not yet maturated.




INViatisTME D \WRat canrwe learn by,
perierming MHD simulations ?
Basics: Space Plasmas and MHD

=» Classical public-domain codes
e [TI. Applications and Visualisations




i Plasma and MHD

-

gif@orena—peststiidied thermal plasma

structure of Extragalactic Jets reveal non-
mermal plasmas — even relativistic !

Jets filll Bubbles in Clusters with non-thermal

= pPlasma, magnetic fields and heavy elements
8 Maxwell's Equations as Part of MHD

e Maxwell's Equations extended to Black Holes
=» Question of Jet Formation in Blazars

e = Application: The Blandford-Znajek Mechanism
(1977) for the Launch of Relativistic Jets




_Earth's Mwﬁh'@'@

Supersonic
solar wind —

ﬁﬁgﬂ”“ magnetosheath

magnetopause
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Magnetic Fleld Effects |

B exerts a force:




SunSpot‘Model

Penumbra - a mixture of interlocked field lines

- Dark fillaments-
(low)

fllaments-
(high)




- from above




Intricate structure

| Not Isolated
coronal
loops -

plasma that
¥ BEEeE
" temperature
R of 1.5 MK

e




- Magnhetohydrodynamics

- the study of the interaction between a magnét
nd a plasma, treated as a continuous mediun

3 assumption of a continuous medium is valid for
ength-scales (Debye Length), completely ionized

" Chromosphere

® Corona







Typical'Values Solar Plasma

Photosphere: | Chromosphere
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N (m3) = 10 N (cnrd), B (G) = 10 B (tesla)
B=35x101NT/B% v,=2x 10 B/NY?




Cluster Gas:
Mixed Plasma

Chandra - VLA
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M = 3 GSun
Rs ~ 1015 cm
Basic Length
Scale |

HST image

Relativistic

Synchrotron particles

>Presence of
magnetic fields




Counter Jet ?

Radio Image

¢ .

Parsec-Scale Jet
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Mi87.— VLBA = Collimated Plasma

DEC offset (mas; J2000)
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1 mas = 0.07 pc
~ 200 R,

mEhannel Radius ~ 500 R
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- Perseus
. Lluster ..

NGC 1275




Chandra Map




When suck




Bubble Inflation
by Jets
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= Radiative MHD
= MHD & Atomic
Network
QI e )

Cooling| of
Cluster Gas
IS Important




= The | Universe of ‘Active Galaxies
Interactions on Large-Scales -

| .C-er_\ A - ESO




Cen A - Spi'rzer'
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Cen A - Radio/Chandra




Gy@anus A — I he Archetype

2

Hot Spot [0
a——— ‘
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Cygnus A - Mixed Plasma







JEL—Anatomy

[

ambient gas

interface

beam/ambient gas shocked
ambient gas

contact
~ discontinuity

" hot spot

Mach disk
shock

internal shocks

turbulence
vortices

bow shock




e'Numbers for CygA

Fdistance d"="1"Kpc from center:
et Power: L = 7
eam radius: ?
RN Umber density in cluster: n, ~ 0.05 ccm

= s Number density in beam: ?

® =» density contrast N = Pyearm/ Priedium = 2
® = Magnetic field in beam ?

® = Beam velocity ?

» = Alfven velocity in beam ?




. " Giant Elliptical E
3C'273 P ;

M, > M 87 -

ST I

C)UEISE]S

Instabilities in
_ Collimated
. Jets ? -
--_Shocks ?
.... &
.
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Giant Elliptical
embedded into
a thin Cluster
Gas

Chandra




Optical




tomographic
view

cold dust R b ] cold dust
torus | - Gor : = B, : torus

Adller (LSW 2004)




SUmmary. 1: Space Plasmas
= Y 9,

U from solar corona & Earth MS?
SpEEE Weather)Meriet gastintgalaxy: clusters

cesmology).
HESEe plasmas are

=y Plasma parameter, is usually variable (say from
@isk to corona)

=>

=3V, >C_,,..g 2 information no longer exchanged
— over sound waves, but over Alfven and
magnetosonic waves
= Hydrodynamics replaced by MHD !




\Basies.for (Jet) MHD

gerelHelessiavertireey Hairs:
1)y Mass
anrAngular Momentum

()" Accretion Rate
= ®rAxIsymmetric Electrodynamics
~ & 3 Definition of magnetic flux
® = Notion of poloidal current loops
® = Grad-Shafranov Equation
® = Twisting poloidal fields by shear motion

==
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Mass Spectrum Compact Objects |
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Third Dimension: Accretion Rate . ..

m=—
very high state hole Meaq

slim disk

1.0
0.5
0.1

jet outflow

low state standard disk

radiation-driven outflows I
high state boundary layer

o

~apap Hot Relativistic Disk 0.01

magnetic field

B

. 5
A Miller (LSW 2004)
Remillard 2005

quiescent state :f




Black H's:
2107g's decomposed intora’, 3 and'y

-0 OrelinkElRY
diaVIty:
gh='drad In o
[l Mlziss YL

SGHaVito-

EEiagnetic
= potential: 3

=» Vector
potential (~ED)
~2SPIN;
w=-B%~ J,/r3
3-metricy of the
time-slice (only
geometry)







Geodetic Effect

6,614.4 milliarcseconds/yr
(0.00183 degrees/yr)

Guide Star ;’f
IMPegasi |

Frame-dragging Effect

40.9 milliarcseconds/yr
(0.0000114 degrees/yr)




Blackildole Accretion is
BDiiferent from Newtonian

rotation axis

N * ” - This tin
rargirel sabilty e __ﬂ i Region
—— responsit

for dra
Effects

In ergoregion, plasma is driven
o corotation with horizon. A. Miiller LSW 2004




Each form of matter

wiliSoerdriven to, corofi
Wilthin the ergosphere

l
Jif]
S Roundary Layer nea

Gravitational E

® Boundary layer: Angular frequenc
observers (fixed stars) is given by (3

e
Ut
where U is the 4—velocity of mat
poloidal motion of matter, angular

Q:

WL

gular momentum are related over a

Q, =wr,) )= o, & In Schwarzsehild:

B2 1 —w) .
B T e the cvlindyical rads =>No rotation
— 1S e CV¥iln 1Cal radillls. °
Viies . near Horizon |




a=1.0 Angular Velocity
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BleckalSoles = 2 Energy. Reservoirsss

-3 LROt = ERot/tbrake
% ~ 1046 erg/s (MH/109 Ms) (tH/tbrake)

I-Rot = ERot/ tbrake
~ 1038 erg/s (M,;/10 M) (th/torake)

t,.... =Ff(a, B,...) [BZ1977]

Ly, = k B, ry2c (a/M)2 (Q:[Q4-Q:1/Qu2) ~ M,




ntermezzo I: Maxwell's Equations

-Ampere’s Law

Lorentz Force Density fr=p.E+3xB.




Ohmis Law and Induction,.Eguation

0B et 1 5
E—?:{ [-u:{B—E?:-:B],

together with the constraint:
for all times | &
For finite conductivity =2




. INDUCTION EQUATION

I
ot

where 7

xE = 0Ox(vxB - |/ o)
x(vxB) - 70x(0xB)
x(vxB) + 7B,

1

uo 1S megnetic diffusvty




Maghetic Reynolds Number

(Iv) B changes due to transport + diffusion

(V) =

L,=10Cm, ;= 1F m/s=>

€.g
(vi) >> in most of the Universed

Except --1& B large
Form at ,B=0




(@) IR <<

The induction equation reduces to

B Is governed by a diffusion equation
--> field variations on a scalg

diffuse away on time

with speed

E.g.: sunspot{ =1ffs,L,=10Fm),
for whole Sunl(, = 7x1C¢ m),




(b)IfR. >> 1

he induction equation reduces to

and Ohm's lavw>




neept of Magnetic Flux

e deals often with axisymmetric
fagnetic structures (mangetospheres etc)

= Poloidal and toroidal components of
= Vector fields

e [n ED it is useful to work with the vector
potential A :

® =» Magnetic flux function: ¥ = R A,




. Magnetic Flux Tube

face generated by set of field lines
rsecting simple closed curve.

-- magnetic flux crossing a
section
.e.,




NO flux Is created/destroyed inside flux tt

Y If cross-section is small,

B lines closer=» A smaller + B increases
= Sun Spots




Axisymmetric Maxwell's Equations

= ¥

_E:b 3 (v X EF]

—Ga | W] — 4mrg,
V x ET == -4:::'1‘_?51.Jl ‘
Grad-Shafranov

Operator
=> Fusion Physics




NGrad-Shafranov. Equation

= Magnetic flux changes by advection (disks,
Jets) and diffusion against plasma flows.
Without diffusion = v, || B, > Jet flows !




-

Magnetic flux advection in disks 1.0 e
quilibrium

In transverse
direction
between P
different

forces
(Camenzind
1997).

0.5

Uchida & Shibata 1996



Axisymmetric Maxwell's Equations

= ¥

_E:b 3 (v X EF]

—Ga | W] — 4mrg,
V x ET == -4:::'1‘_?51.Jl ‘
Grad-Shafranov

Operator
=> Fusion Physics




Shiealing of Magnetic Fields

omiEqu (I1). + Ohmis, law.
E@uitor B, = Equ for RB,

ifierential rotation will twist magnetic fields
€.d. In disks) =» toroidal fields

SREUrrent function:

B8 Source of T is the shear in differential rotation
- =» Magnetorotational Instability

BT - 7 T_..1 2 Ii'.-li \_ 24
E‘I‘{Hpv}T—R v (El’p)_ﬂ v(EvT)_R prﬂ




Extension: Black Hole Electrodynamics

Grad-Shafranov
Operator

Camenzind 1997




E.+vrx B, +v, EBT]

E:#"‘Et;b - (p X EF]] )

a°w ow
2 + 4TTTH{EE — aw Ga|[¥| =
—&*aE, - Vw + dra’yoie, - (v, x B,).
Source for magnetic flux near Horizon |

Khanna & Camenzind 1997




eree-Free Grad-Shafranev Equ

inNierce:freedimity fin=:0, current densities are
getermined by fields (BZ 1977, ..., Okamoto
992, Beskin 2000, Fendt & Memola 2001)

16721 dI

=0.
aio?  dW

W w|?
+,-1 ILWl‘?l+

D 2F —w df2
v["i—zv A o

Light Cylinder Function
D = O & Outer and Inner
Light Cylinder around BHs




Pllsar MagSphere (a = 1, @w=0)

—

s, P -eblem has
J‘j‘j“ 0.5 W. d Z
ieEmulated b ey
Micr el (1973),
SEhareman &
Wagener (1973)

BEontopoulos et
Salt (FF, 1999)

-)Tlme -depend S.
Komissarov
(2005)

=» Neutral current
sheet beyond
LC, R, = ¢/Q¢

=» Smooth
transition LC




Blackekiole
Magneto-
sphere

IS different
= External
MagSphere

Initial
Configura-
tion, e.q.
Wald
solution




Hole Split-Monopole MS2
Monopole Magnetosphere |
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Wwisting of Magnetic Fields

(eept for induction. terms,, evelution; of toroidal
gnetic field ~ Newtonian MHD

Source: Differential plasma rotation
Schwarzschild: no shear !

%—I—a[up-vﬂ_’— a® V- .

T~RB, =—ab’ B, -V2+awey -V x

Operates outside horizon




Blackildole Accretion is
BDiiferent from Newtonian

rotation axis

orbitof ~
marginal stability

In ergoregion, plasma is driven
to corotation with horizon.

This tin
Region
responsit

for dra
Effects




Each form of matter

wiliSoerdriven to, corofi
Wilthin the ergosphere

l
Jif]
S Roundary Layer nea

Gravitational E

® Boundary layer: Angular frequenc
observers (fixed stars) is given by (3

e
Ut
where U is the 4—velocity of mat
poloidal motion of matter, angular

Q:

WL

gular momentum are related over a

Q, =w(ry) )= o, & In Schwarzsehild:

B2 1 —w) .
B T e the cvlindyical rads =>No rotation
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I3iD) Accretion from a Torus'+ By
on-Radiative Accretion Flows

-~ Gammie et al.
~ 2003, 2004
(2D conservative
GRMHD

in BL coordinates); Initial condition

(exact mech. equilibrium

Anton et al. (2005), + weak magnetic fields)

based on GENESIS
(conservative GRMHD)




Meridional Plane
through a BH

Colour: Density
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Eield line twisting by rotating Black Hoeles




—

> LROt — ERot/tbrake
3 ~ 1046 erg/s (MH/109 s) (tH/tbrake)

I-Rot = ERot/ tbrake
~ 1038 erg/s (M,;/10 M) (th/torake)

t,.... =Ff(a, B,...) [BZ1977]

sz = K By2 ry2c (a/M)2 (Qe[Qu-Ql/Qy2) ~ M,




-

I:!;{Hmple:Wald solution (non-rotatingy® Testbed for Blandford-Znajek
"= Field lines connected to ergosphere are driven to rotation
ynting flux=>» Energy extraction from ergosphere !

Kerr black hole In
uniform magnetic
field at infinity;

Thin plasma versior
BH magnetosphere

a=0.9

S. Komissarov 2004




with rapid' rotation
iskiaround BHs)i=»Strong: field limii:.

: (disk plasma, pairs from
WS=). High initial Poynting flux (BZ) is
onverted into Kinetic energy by collimating
S Flux-tubes (Camenzind 1996)

-

=3 Michel's parameter: I ~ ¢ 10
0 = Poynting flux/Total energy flux | Inj.

by current
system: hoop stress (B)) > 100 M,,.

, @ > 0.9, magnetic flux-tubes
connected to horizon = Poynting-flux (BZ).




Stimmary: Plasma & Maxwell

iIn. general extremely thin
105 ccm — 10> ccm (kpc Jets)
_ : shock heating
fiediated by waves and not collisions

-) continuum approximation valid beyond
— << Dimension of Plasma

$ = with magnetic fields =>»
, hot sound waves !

s = Alfven speed can be near speed of light, even
In solar system ! =» Relativistic MHD

e Fxample: Axisymmetric Field Structures (Flux
tubes, magnetospheres).

® = Can easily be extended to Relativistic MHD




