introduction:
http://www.mpa-garching.mpg.de/~henk/pub/jetrevl.pdf (somewhat old)

current issues:

http://www.mpa-garching. mpg.de/~henk/pub/|etissues.pdf
(=arXiv:0804.3096)

This presentation:
http://www.mpa-garching.mpg.de/~henk/imprsjets.pdf
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- active galaxies

Common: all involve accretion and disks

exceptional case (?) : planetary nebulae
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HH34

HST

‘Herbig-Haro object’
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Doppler-shifted jet emission ‘SUPeI’SOft

\“ v =~ 5000 km/s— source’
\ accreting WD

burning H on

'/WWW‘A ﬁ%’ﬁ»\ W\W.WM \\‘\N\IWN Mf\W\f its surface

- <> symbiotics
- ¥ & CVs
N“MWWMWMW WWM WMWT

6 | | | | 1 I | I |

6300 6400 6500 6600 6700 6800
Wavelength (A)

C. Motch: The transient jet of the galactic supersoft X-ray source RX J0925.7-4758
IMPRS 04 - 2010 Jets

<
N
AV
=
Q
N
wn
N
Qb
-
(1))
©
|
<
s
=
fx




RAqr HST

IMPRS 04 - 2010 Jets




Jet precession
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PEAK = ©.9992E+08 JY/EEAM
IMNAME= WSO-LEAND.E1950.1

0 5@ 100 Image courtesy of NRAO/Akdb
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e WG N,
GRS 1655-40 VLBA (NRAO/AUI)
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towards observer,
Doppler-brightened

Quasar 3C175
YLA 6cm image (¢) NRAO 18996
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Apparent ‘superluminal’ motion
Neladivistic kinpmakics ()

-Q
wimm e LS. ==

o |
& \\5% -

v
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Souwrce wikh
f"(’))"’)% - (5‘39:D

9«(&&»&\&4& Mo(-iou “wp (‘O (Sw :L(B’I'-l\dz
4GRS 145 teoS L =0qr (¥y=72.5)

(5 = V<

Gst‘-nB. c
/ui.' | T cesh 3

%{ = (l-{-f;cosé Y‘"d

-

L= 5 cusD

ol

Sy »wy~

Doppler effect increases
apparent proper motion
of proximal jet (and
slows down distal jet)

Lorentz factor and angle
to line of sight derived
from asymmetric proper
motions and brightness
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M87 Chandra
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CygA NRAO
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CYGNUS A

VLBI 1.3cm

VLBl 7mm IMPRS 04 - 2010 Jets

iocht Krichbaum et al. 1998
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Cat’s eye nebula
HST

‘ansae’ (=’handles’)

&

Planetar
supergia
loosing|i

some are
‘jets’ pro
mass tra

D ~

IMP
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Nordic optical telescope

.
.
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CRL 618
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Cas A Chandra
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07003

nearby AGN 10 AU 070001
galactic BHC 100 km 310~8 7
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HH212 ceﬁtral section
(H2 2.122 microns)
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Knots in jd's ;
M V¥

P@OM : e Internal ‘(MQ{q}?;L{y (kink , Seunsage )
o mbarackion enmveivonmank
(k-H. ot re co(,Uqu/‘Cu».)
. GJ--—seuo( meoduk ation
(R2es'4¥)

- Coun kcmpp&y\ O Monnsy bovg scalo s
- ‘umduu.s C{row? 6 o elrs Prow\
muslex b ool ek o v

Obs . sapport :  sywm maebyic e acklou
(J-@S0's 5 protestildar fake )
HH 22
= lknot vadkakion Prom wwkernal
shack ohicsipakion

Knot formation by

modulation of flow speed:

internal shocks

- model for time variability
in blazars and GRB
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- Blandford & Payne 1982: selfsimilar model
- '80s, ’90s 2-D (axisymmetric numerical simulations)
- ’00s: 3-D simulations
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The magnetic model

Gravitation = rotation — magnetic = kinetic

Alfven surface

not force free

2
2> B°
PVE= Bn

NN

RORRA KR REAXXXXXXK «— not force free

$.9.0.0.0,
2
B <p
81
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Magnetic acceleration
rotation — magnetic — kinetic
region Alfy

- Magnetic pressure

- Centrifugal acceleration
- Poynting flux conversion
- ‘Magnetic towers’

Equivalent

‘Coiled s ‘Bead-on-a-wire’
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Magnetohydrodynamics

b(. é = Vx (-\./ xé)
'L'\oluc{iOV\

(2B =yxE)

J

R%E = ~Tp ~e V¢ + L @xB)xB

Zor’:)v‘z pora.

[-VXB’ ‘ﬂd 1-1 ]

)

APfrOyuvaéong ! =0

(N coww\/ovu? erw
[ corslun etHon )

- Ve =< | -»){__{) =0

2 vectors: v, B
(current, charge density and
electric field irrelevant)

Magnetic fluid theory
not electromagnetism

B not ‘generated by currents’

B evolves in interaction with
fluid
Analogy: elastic media
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[ <1 : magnetic field dominates. Fluid forced
to flow along field lines

> 1 fluid dominates, carries field lines
(and wraps them around)
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http://www.mpa-garching.mpg.de/~henk/pub/jetrevl.pdf
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Cold Weber-Davis model

slmpln. vao(ﬂ: - vaolied ew.(o( o 3;.
- coled lUwit B=o Visualize: equatorial

- 4 ;
By S : plane. (Applies at all
00 e Dew & W o('L .
e latitudes.)

Question : howoloes Agpanel on b

Assumed: Mass - Rlux “par Pald Bug: ™e 38-:1’- 17! (g ewd)™
8o

- poloidal field fixed bl ot P il e Mg
- gas pressure neglected

compute:
- azimuthal field B Soluh tom ¢
- flow speed

4T R YVo

Lg" ‘rz: V;'O/V;?o °

(34a70)"

-3
"

m (3 4+07")

IMPRS 04 - 2010 s 73, -ty VN2
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Cold Weber-Davis model

Cold Weber-Davis model: example
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Cold Weber-Davis model

Shape of the field lines

- ~

-~

1 =0.001 =10

‘centrifugal’ acceleration ‘magnetic push’
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Equivalent descriptions
of magnetic acceleration
T > ¢ - ’
- ‘centrifugal
Accelerebion (én prer blak 'Qrm) ! - magnetic pressure

OxB), - ‘Poynting flux conversion’
A (A

- 4 %{% ¥ Q—Tw ew) >oouc9cgﬂ!a)ﬂ9'\

) Tn corotakng Rrame ¢+ Barng whi tnkeqved !

%

Qqu,

b oL ot 4l (U -nw)t - S 4 adhalpy s Esal

- S0 ¢
it
oz cel arakim c,oro'w\)r‘w\q

95 "Enrgy Floxes’
onalic anarsy Blox = poynkbq LI
KEF ’
P.¥
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magnetic energy density

magnetic pressure

S =vy(um + Pn) ‘magnetic enthalpy flux’
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3 collimation
- how/where does external medium determine
opening angle of flow?
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S R

- acceleration ‘by dissipation’
- 3-D stability of jets
- disk-jet transition

IMPRS 04 - 2010 Jets


http://www.mpa-garching.mpg.de/~henk/pub/
http://www.mpa-garching.mpg.de/~henk/pub/

e — R (e |

-‘strength and inclination of field lines at disk surface
Better defined in hot (near virial) accretion:

flow already ‘loosely bound’ in gravitational potential
— perhaps only radiatively inefficient flows make jets ?
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Somc  poiunt pokeukial Vorror.

Transition between
disk and jet, the
‘launching region’
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launching

Dependence of mass flux
on strength and inclination of B

Ogilvie and Livio 2001

Alfven surface

40 20
i/degrees

tension force (outward) reduces rotation rate
— centrifugal force less

— potential barrier increased

Below a minimum field strength no steady flow solutions
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launching

‘Poloidal’ (p): in a plane containing
the rotation axis
‘toroidal’ = azimuthal ()

Shape of field above the disk
- (well) inside 74 :
Magnetic field dominates over other forces
— field force free, (VxB)x B =0
(well) inside 7a: By < B, , neglect.

- — field approx. potential, V x B =0, B = -V,

- potential field: field lines fan out away from concentrations
(like bar magnets)

— field line shape, “ \
inclination at surface -

T

are global problem
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inclination governed by different physics!

<<I

Pc{-.m-t’ead ad(d

a\accrej-tou

- — P, -
. S— - - . - — — -~

- Iv\aﬁnduh cJoou. oh‘,sh
Q‘Obd Pro‘o(.um (Craw(-skaeer.)

~ In sl ¢ (peal bodoumen
ou‘ee-u.-stovx &3 aolveekion

beware: literature confusing
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‘Hoop stress
(V x B) x B :tension along field lines
: pressure L field lines

loop of field lines wants to contract

Field beyond 7" A mostly
azimuthal

contraction towards:

jet ‘collimated by hoop stress’?
‘self-collimation’?
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collimation

Def.Collimation: angle between flow lines
not width of jet

Magnetic fields are expansive
(<> ‘tensor virial theorem’)

Azimuthal field adds energy density

azimuthal field decollimates

can collimate a jet core, but only
at expense of overall expansion
(cf. E.N. Parker 1979)

collimation ultimately
due to something external
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Physics: there has to be a boundary that takes up the
stress in the field and keeps it together.

(beware of the literature)
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outflow

initial state

Pin +Bq2b/87r — Pext

— toroidal field increases pressure
on boundary of the flow, widens

the flow.
core of flow can be collimated
by tension force in B, but
stress must be taken up by an
external medium
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- a poloidal magnetic field in (the outer parts of) the disk

- Nothing. Ballistic flow, sideways expansion unconfined.
(relativity helps: sideways expansion reduced by time dilatation)

observed opening angle, nonrelativistic: ¢ = vexpansion/Vjet

(%) (%)

flow at Lorentz factor ' : ¢/ = [ Vexp,comoving /c
flow of relativistic plasma: (Vexpansion ~ Cs = c/ \/§);
1

0~ ——
IRVE] IMPRS 04 - 2010 Jets



¥ Polotdal collimakion by olsk Rewlol.

Spruit, Foglizzo & Stehle 1997

l
/—_ =
: N
o~ b
i A VxB =0

-y

Moqn - Blagc: b (r) = 12 B, (20,¢)

ASS'AM\Q_ BE ¢ MV‘T
(.P *t as rt

-V/2
By = (r24p?) 0¢V <2
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Effeck of Pinabe olisl size .

0.0t AL oo AU 6.01 pl‘edict.s: |
0 kw ™ Q.01 no collimated jets

| Al kAL <o.ol from cataclysmic
variables

50%m 205k 0.2 e
siodlm 5 w0llom 0.003
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— e e = = S

ST 2 2 c2 2 "H

2

MRI turbulence: B < P
87

is suppressed in an ordered external field B;derea When

2
B ordered > P
ST
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McKinney & Gammie
2004
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How do ‘good’ field configurations come about!
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Ur(oa P, Z) - Br(oa P, Z) — 0,
& 60— — / SR | P R

= VJ_Bp
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—40
0 10 20 30

R c2/(GM)

Ordered poloidal flux reflects initial conditions

origin of poloidal flux (if needed) still t.b.d.
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Formation of a magnetic flux bundle through the hole
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Magnetic jets from chaotic field?
Not seen in simulations, so far

Blandfoxd & Payne 1982
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Accretion of external flux

Accretion of ordered (net, poloidal) magnetic flux from environment

P If accretion due to
(magnetic) turbulence,

H =
s (<x Ve ( T e

X Balancing outward diffusion
Athdsion WS%Q;LY vs accretion of field, find
Omax ~ H/r
Reason: diffusion acts on curvature of field where it crosses the disk:
HUdiﬁ’“’E& UaCCNV/T
H B,

— accretion of external field difficult in a diffusive disk model
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Accretion of external flux

Diffusive disk model.Viscosity 7, magnetic difusion 7:
1) = IV = no flux accreted
Alternative: patchy magnetic field

seen in MRI simulations
Fromang, Papaloizou. Lesur, Heinemann 2008

Spruit &Uzdensky 2005
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Numerical problem: length scales

Length scales (4 -QSO)
1017 10"

Internal shocks Collimation 0

// Radio emission Dissipative I
Acceleration
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—-24 —-10 Q 10 24Q

zZ
R. Moll etal, 2008arXiv0809.3165M
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R. Moll etal, 2008arXiv0809.3165M
t=504.9
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W stream Runeddon
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