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i Basic Properties of the Jets (1)

— 1. Relativistic velocity up to
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i Basic Properties of the Jets (2)

2. The jets extend over kpc
to Mpc, keeping Its
collimation.

The jets must be capable of
exceptional stability.

How about the stability of
MHD jet?




i Motivation of Our Research

The mechanisms of the jet launching from the accretion disk
and the collimation: Shibata & Uchida 1986, Matsumoto et al.
1996, Kudoh et al. 1998 (2.5-D axisymmetric simulations).

The stability of the propagating jet (beam) injected as the
boundary condition in 3-D: Hardee & Rosen (1999, 2002),
Ouyed, Clarke, & Pudritz (2003)

In our research, it is investigated whether the MHD jets
launched from the accretions disk are stable in 3-D, by
solving the interaction of the magnetic field and the
accretion disk.




i Basic Equations

Ideal MHD Equations
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i CIP-MOC-CT Scheme

uAt b

CIP: A kind of Semi-Lagrange
method. Using the CIP for
solving the hydro-part of the ; '
equations. 39 order interpolation a
with the physical value and its
derivative. Therefore, the time
evolution of the derivatives is also —+—— :
calculated (see, e.g., Kudoh, Matsumoto, & Shibata 1999)

MOC The accurate method solving the propagation of the liner
Alfven waves.

CT Solving the induction equation with the constraint of divB=0.



i Initial Condition (1)

Accretion disk: an rotation disk in equilibrium with the point-
mass gravity, centrifugal force, and the pressure gradient
force.

logT

1 —-0.5

Initial magnetic field: a vertical and uniform
large-scale magnetic field. The ratio of the

magnetic to gravitational energy,

E.e =Vao /Vio ), is the parameter for the
Initial magnetic field strength.

The typical value is E,, =5.0x10™.
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i Initial Condition (2)

Nonaxisymmetric perturbation: the amplitude is the 10% of
the sound velocity at (r,z)=(1.0,0.0), and with the form of
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i Time Evolution

Axisymmetric Sinusoidal Random
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Nonaxisymmetric
IN the Jet The slice on

this plane.

logp logp

-3.6 -34 -32 -3 -28 -26 -3.6 -34 -32 -3

T

o t= 7.0 . 1.0 t= 7.0 1.0

1.5

The jets seem to
have the non-
axisymmetric struc-
ture with m=2 even
In the random per-
turbation case.
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Power Spectra in the Jet and Disk

(1)

Time evolution of the Fourier power spectra of the non-
axisymmetric modes of the magnetic energy.
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Power Spectra in theget and Disk
(2)
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Growth Rate of Nonaxisymmetric
Modes of MRI

MRI: Magneto-Rotational Instability
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Solving this dispersion relation numerically, the growth rate
of the m=2 mode is w=0.54 (detailed parameters).

exp[wt]=5.1 t=3.0 . On the other hand, the power spectrum
of the m=2 mode became 5.9 times larger than the initial value
(reference).




Amplification of the Magnetic
i Field in the Disk (1)

MRI - Amplification of the magnetic

Total
energy — — — - Inner region (r<0.6)
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Outer region: No significant difference among the models.
Inner region: Significant difference between the models.




Amplification of the Magnetic
i Field in the Disk (2)
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Amplification of the Magnetic
Field in the Disk (3)

The minus sign: kinetic = magnetic energy
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i Angular Momentum Transport (1)

The mass accretion is important for the activity of AGNs, not
limited to the jet formation.

1

How does it extract the angular momentum of the disk?
- a-disk model: assumption of the viscosity parameter.

Recently, it has been cleared that the magnetic turbulence
IS the origin of the viscosity.

How large is the amount of the extracted angular
momentum in the radial direction? How about in the axial
(z) direction?



The symbol “<< >>" means the spatial
and temporal average.

Angular Momentum Transport (2)
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Eing (5) (6) (5) (6)
10 % 10-5 0.0035 0.0068 0.0041 0.0056
90 % 105 0.0079 0.012 0.0090 0.010
50 % 10~ 0.018 0.022 0.021 0.020
1.0 x 10—2 0.030 0.032 0.033 0.031
2.0 x 101 0.051 0.044 0.048 0.045
5.0 x 104 0.089 0.063 0.079 0.067
1.0 x 103 0.14 0.082 0.12 0.084
2.0 x 1073 0.17 0.093 0.14 0.10
Axisymmetric Random

Over a wide range of E_, the efficiencies of the angular momentum
transport in the radial and axial directions are comparable.



Comparison with Steady Theory and
Nonsteady Axisymmetric Simulation
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i Summary (1)

1. The jet launched from the accretion disk is stable, at least
for 2.5 orbital periods of the accretion disk (there is no
Indication for the disturbance to grow).

2. The nonaxisymmetric disturbance made in the accretion
disk owing to magnetorotational instability (MRI)
propagates into the jet.

3. It is suggested that, in the random perturbation case, the
magnetic field is complexly twisted and the numerical
reconnection takes place in the inner region of the disk.
We need to perform the resistive simulation in the future.



i Summary (2)

3. The efficiency of the angular momentum transport does
not depend on the model (the type of the initial
perturbation). The efficiencies in the radial (r) and axial
(z) direction are comparable in the wide range of initial
magnetic field strength.

4. Though the jet has the nonaxisymmetric structure, the
macroscopic properties (e.g., the maximum jet velocity)
are almost the same as those in the axisymmetric case
shown by Kudoh et al. (1998).



Parameters for Solving the
i Dispersion Relation

Alfven velocity: V,=0.056 from the initial condition.

Radial wavelength: A,=0.4 from the spatial distribution of E .
Radial position: R=1.0

Axial wavelength: A,=0.35 (—271tV,/€2: most unstable A).
Angular velocity: €Q=1.0 (angular velocity at R=1.0)

Epicyclic frequency: K=0.0 (constant angular momentum disk).
Return



Growth of the Spectrum In the Disk
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i Color Function

Color function ©. Initially,

o — 1 inside of the disk
] 0 outside of the disk

Calculating the time evolution of © by
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The region where ©@ is not equal to zero is the extent to
which the matter originally in the disk reaches.
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i Steady Theory (1)

B The terminal velocity of the jet is comparable

V, & \/T to the Alfven velocity (magnetically
P accelerated).

v —1r0QO B Seen from the corotating frame with the
4 _ "9 . . .
= —— magnetic field, the velocity and magnetic
v B, fields are parallel (frozen-in condition).
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i Steady Theory (2)

At the infinity (r~oo), V,~0 because the angular momentum
s finite.
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i Steady Theory (3)

(

. BIOO : Strong initial magnetic field case (B B,>>B,,).
M oc <

1 L i
KBP > Weak initial magnetic field case (B B,>>B).

See, e.d., Kudoh & Shibata 1995
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i Steady Theory (4)

Steady theory Nonsteady Simulations
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