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Collimated ejection of matter 1

Ejection of Matter in Astrophysical Objects

Objects :

* Galactic : YSOs, stellar winds, CMEs, supernovae, microquasars
* Extra-galactic : AGNs, GRBs

Multiple :

* Sources of matter and ejection mechanisms
* Scales in space, time and energy
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Collimated ejection of matter 2

Jets in YSOs

: | HH30 || — HH34

— ' o ; HH47

Jets from Young Stars I-iST - WFPC2

PRC95-24a - ST Scl OPO - June 6, 1995
C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA
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Collimated ejection of matter 3

Jets in AGNs
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Collimated ejection of matter 4

Accretion-Ejection in AGNs

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk
L
|| | | |
380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYEARS

DAMPT, Cambridge — 5th of February 2002 Introduction to the Pressure-Driven Instabilities in Astrophysical Jets



Collimated ejection of matter 5

Magnetized Accretion-Ejection Structures

Magnetic
Collimation

=0 Matter

Angular Momentum
and Matter Transport
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Motivations 6

Motivations for this Work

in the interiors of jets ?

in jets : avalanche process 7

with - which mechanism is involved ?

of matter : avalanche process ?
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General Framework

Magneto-Hydrodynamic

completely ionized
Plasma magnetic field
non resistive

0 0B .

Continuity : a—': =—V.pvu Induction : o = V x (Ux B)
dpv T S
State : P o p”? Momentum : s —VP+7x B+ F
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General Framework 8

Characteristic scales

Laplace force :

B2
Pressure : P,=—
2 p
Tension : T=—-—B-VB
L4
Set of characteristic scales :
. density — : magnetic field — . curvature
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MHD instabilities 9

Energy Principle

Growth of an infinitesimal perturbation = instability

Conversion of potential energy in kinetic energy : W < 0

W= | d7 + 2|\ V-&L + 281 K| +7B|V-€
2 . M J \211’ Y \ - v
i AI?\?én magn;’g)sonic sonic

— Joy (f_i X 5//) ’5§J_]

kink
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MHD instabilities 10

Non-Resitive Linear MHD Instabilities

Parallel Current (L,k; ~ 1) —> Kink (works in the force-free limit)
Source
(Lok?_]_ > 1) — et

JENNE!

Pressure Instability
tension tension

Re

pressure pressure
(VPo) (VPo)
destabilizing stabiiiiihg
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Interchange and ballooning 11

Interchange Process

of two fluid particles = =
Archetype : Rayleigh-Taylor instability

AZ Gravitational confinement
=>Rayleigh-Taylor, convection
gradient of confinement
PP B 5B _ &0 force .
B P In the presence of magnetic field
=>Parker modes, magnetic buoyancy
flux tube
displacement

AR B, O Y

Constrains : pressure equilibrium ; mass and magnetic flux conservation
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Interchange and ballooning 12

Interchange and Ballooning MHD modes

Most actively studied in thermonuclear fusion, magnetospheric physics and solar physics

but ignored in jets and discs

/-~ destabilizing ™ - >
curvature

stabilizing
curvature

Plasma

unperturbed
surface

interchange—unstable column

Axial symmetry = *“ g Localized mode :

m = 1 = helical or “kink”
highly constraining thermonuclear fusion
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Pressure-driven instability 13

Linear Study : Perturbations

Lagrangian perturbations :
5p = —V- (;00 g)
0B = —V x (Exéo)

6P = —£-VB —yRV-£
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Pressure-driven instability

14

General Set of Linear MHD Equations

1 2 - — — 2 — — — —
52 1 ( )-I—FVL po Cg <€°’Cp+v°§) + po V4 (KbL-I-/Cc)' L+ Ve

odb 0db + o — — -
+ %2{( G a) +T-% +28 Ko+ (8:-K.) & + K, (Yu}
with &)// — —V-gl — (Iebj_ + ’ec) 'gJ_

— . — - 85[_’ 8€A_, - = =
and (Y?J_—I‘ S_L—‘,—Eel—‘,—geA—l—(f/CJ 7
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Pressure-driven instability 15

Geometry of the Basic State Magnetic Field

% . -
magnetic field § widening of
linetorsion ?\ e? thefield lines
magnetic ] -
A —
s & €
N i ?

@

. proj ectiog)n
(?, € )

I = +¢,-[(&,V) &)
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Pressure-driven instability 16

Linearized MHD Equations

First stage : to linearize the MHD

Hypotheses

* |ldeal MHD and barotropic equation of state
* = linear equations

* and

We get a general differential system

* Two coupled equations for the displacement
* Derivation following the magnetic field lines
* Still valid in the presence of external forces
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Pressure-driven instability 17

Derivation of the “Ballooning” equations

Restrictions on the perturbation variations

% Ordering imposed : and = and & ~ &4 > &
* propagation
* waves, mostly compressive,

Transversal momentum equation : 0P, + 0P, = 0

. neither Fourier transform, nor WKB approximation

Evolution equations include and
0%Ea =
52 —Dy-éa = Ca-&+ Fa(é)
0%¢) -
52 "Dy = Glat F(E)
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Pressure-driven instability 18

Purely MHD Equilibrium

Pressure-tension transversal equilibrium : with 0 = 052/[42

Differential system :

0%, ., O
o g, =0
B2¢ 4 52 9
g % gz TRt
0 + - 5
+3s AA+,Cb// +(FF)AA]§AZQCSKCA

Topology of the magnetic field in le// and T : widening, torsion and

V-{?E
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Pressure-driven instability 19

No Parallel Variation

Constant pressure =

field lines stretching

-

expansion

§Ta = 2p, V5" Ke, Oy

&y = %(KPA =08 = /CbA> §a

Instability criteria :
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Pressure-driven instability 20

In the Presence of Parallel Variations

=> interpretation less obvious

But in the case :

Shape of the mode exp|i(k)s—wt)]

Limit Lok, < 1

Sufficient condition for instability :

The plasma can be in spite of a stabilizing
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Pressure-driven instability 21

Geometric Terms

. dr
SE Bo, . ds A0
force ' ‘
QFA;\<O ; I <0
dS JAVAY

Geometric terms = contribution in 84

The stability depends on the and its zero-order
and = or
modes of
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Study in jets

22

Cylindrical Asymptotic Rotating Jet

column |,

L @\

@

and

Quasi-solid Rotation without vertical movement :
Vg = 178 et v,, = 0

Cylindrical magnetic surfaces :
B, = Boé}/ = By€y+ By €,

Instability maximized if & /K.
= €4 = —€r

£ — &(r)expli(mb + k,z — wt)]

DAMPT, Cambridge — 5th of February 2002

Introduction to the Pressure-Driven Instabilities in Astrophysical Jets



Study in jets 23

Non-rotating Jet

Analytically tractable 4th-order equation of dispersion : Alfvén and slow
magnetosonic modes

Only one root can be negative :

1+ 3 ’ 1+ 3
2 _ (v 2 _ 1.2 46 o
kc_\<I‘I‘)A®+gﬁICCAIC et k= —ki+ - 5Ke,
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Study in jets 24

Nature of the Solutions with w? < 0

Instability in the limit £, — 0 : two different behaviors

1.0[ ]
0.8 ko=—1 -
o ] 2 k2 2172
- ki=—0.6 1 ~ _ _C
I : W_ —= |k2| 14 V:g
0‘6* * O
— - ki=—0.1 :
0.4 —
C /Ci;O _
0.2 ko=3
0.0 S A Y R
0.0 0.2 0.4 0.6 0.8 7.0 2 21,2
k, w? ~ —|k|"Y

ky__ and I'may depend on k7
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Study in jets 25

Coherence of this Approach

é}//é’A =

E(r)exp(t®) with k; =¢€,-Vo

Magnetic shear = ie. 0/0r o< ki

But & 4 must slowly variate =-

Magnetic surfaces such as for each modes

except the configuration
dIn ||
— BOQ > BOz et —— ~ 1
dinr
= Rotation 7
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Study in jets

26

Study Including Rotation

Modification of the equilibrium scales

BKpa

Equilibrium =

Effect of the rotation :

*
*

. epicyclic oscillations

New coupling = equation of dispersion non-analytically tractable
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Study in jets 27

Interiors of Jets Instable

= plasma inertia create azimumuthal magnetic field

B gzo N Q* — O
. . .. 060 r
in the vicinity of the centre : = o (% — Q) = B,, > By

BOO/BOZ X Taa a > 1

Magnetic tension increases with r =

%2 B029 BOQz
r2 B4
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Study in jets 28

Interiors of Jets Instable

Radial variations of B,

« B,.> B,y = B,. <0

dr

*

Weak role of the rotation = inertial and Coriolis forces
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Study in jets 29

Confinement Regions

= (widening and flux conservation)

Z-pinch configuration

dln|B, B2, 1/ B, B,.\"

9 B, B,

* Instability if 0 < k//2 <k? <= q1 g2 T
nr A

* Alfvénic or magnetosonic ?

~ o0 —
dlnr B+1 B?

Alfvénic si
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Conclusion

(weak rotation) =

w? oc V2 /r?

pression- and magnetic shear-driven instabilities

Intrinsic analytical difficulties .. ) . o
y { application to magnetized accretion-ejection
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