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collimated bipolar outflow from gravitationally bounded object

f

B active galactic nuclei (AGN) jet: v ~ 10 [orentz factor
Y1 M microquasar jet: v~ 0.9¢ 1
7= 5
. ® Gamma-ray burst: y > 100 V1—(v/c)
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A relativistic jet 1s considered to be launched form
AGN jet the central engine and propagates the progenitor star.
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Rayleigh-Taylor instability grows?

To 1investigate the propagation dynamics and stability of
the relativistic jet

- using relativistic hydrodynamic simulations

focus on the transverse structure of the jet

B 2D simulations: evolution of the cross section of the relativistic jet

B 3D simulation: propagation of the relativistic jet



2D simulations:
evolution of the cross section of the relativistic jet

JM & Masada, ApJL, 772, L1 (2013)



Numerical Setting: 2D Toy Model
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The effective 1nertia 1s important. lOg 'szh: =000 2.5

relativistically hot plasma:

2
PijetC < Rjet

eftective 1nertia:

v°ph = v*(pc* + 4P)

The effective nertia of the
jet 1s lager than the external
medium although the density
of the jet 1s smaller than the
external medium 1n our
setting.

The amplitude of the corrugated jet interface grows as time passes.

A finger-like structure 1s a typical outcome of the Rayleigh-Taylor instability.



The condition for the RTI

d—P@ < 0 , (Chevalier 76)
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It 1s well known that a contact discontinuity, formed where a heavy
fluid 1s supported above a light fluid against gravity, 1s unstable to
perturbations to the boundary between the two fluids.

Although the gravity 1s negligible in SN explosions, the acceleration
of the gas works as a gravity.



The effective 1nertia 1s important. log 'szh t=120 2.5

relativistically hot plasma:

2
PijetC < Pjet

eftective inertia:
v’ ph = v*(pc® + 4P)

In addition to the growth of the Rayleigh-Taylor instability, the growth of the
Richtmyer-Meshkov instability 1s also contributed to the finger like structures.



Richtmyer-Meshkov Instability
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B The Richtmyer-Meshkov 1nstability 1s induced by impulsive acceleration
due to shock passage.

B The perturbation amplitude grows linearly in time (Richtmyer 1960)
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Effective inertia:

(c) t=90
contact
discontinuity

N

shock

reconfinement
shock

4
Richtmyer-Meshkov instability 1s secondary excited between the RTI fingers.
Almost all finger-like structures in panel (f) have their origin in the RMI.
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development of the Rayleigh-Taylor
instability at the jet interface

Vg |ave increases exponentially.

excitation of the Richtmyer-Meshkov
instability at the jet interface

Vg |ave grows linearly with time.

The transverse structure of the jet 1s dramatically deformed by a synergetic growth of
the Rayleigh-Taylor and Richtmyer-Meshkov instabilities once the jet-external
medium interface 1s corrugated 1n the case with the pressure-mismatched jet.



3D simulation:
propagation of the relativistic jet

focusing on the impact of the oscillation-induced
Rayleigh-Taylor and Richtmyer-Meshkov instabilities on
the 3D jet propagation.



Numerical Setting: 3D Toy Model

Hydrodynamic variables are the same as the 9 —
previous calculation 1n the 2D oscillation model. PjetC — 0.1 Uy = 0.99¢

V
Pjet =1 Vet ™ 7

outflow

B cylindrical coordinate
B relativistic jet (z-direction)

W 1deal gas

B numerical scheme: HLLC (Mignone & Bodo 05)

\ ) ! uniform grid:A 6,
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In 3D case, we calculated the numerical flux to all directions.



Result: Density

Only the jet component is shown.

The amplitude of the corrugated jet interface
grows due to the oscillation-induced Rayleigh-
Taylor and Richtmyer-Meshkov 1nstabilities.

Since the relativistic jet 1s continuously injected into the
calculation domain, standing reconfinement shocks are formed.



Result: Density

Only the jet component is shown.

We confirmed that the Rayleigh-Taylor and Richtmyer-Meshkov
instabilities grows at the interface of the jet. The material mixing due
to the Rayleigh-Taylor and Richtmyer-Meshkov 1nstabilities between
the jet and surrounding medium leads to the deformation of the jet.

the transversal cuts of the rest-mass density



Spatial Growth Rate of Azimuthal Velocity

Density log p: t=2000 logp
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B Growth of the volume-averaged azimuthal velocity is saturated around the 3rd
reconfinemet region.



non-Axisymmetric vs Axisymmetric

Velocity v,: t=0000

non-axisymmetric case

0.6 ~ 0.7c

2D cut of jet velocity along the propagation axis

The numerical settings of the axisymmetric case are same as the 3D case
except the azimuthal direction.

axisymmetric case

0 200 400 600 800 1000

: : < . : :
B deceleration of the jet due to the mixing between the jet and surrounding
medium in the non-axisymmetric case.

B Three-dimensionality is essential for the non-linear dynamics and
stability of the relativistic jet.
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B deceleration of the jet due to the mixing between the jet and surrounding
medium in the non-axisymmetric case.

B Three-dimensionality 1s essential for the non-linear dynamics and
stability of the relativistic jet.



vh: t=2000 logyh
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B relativistic Bernoulli equation: yh ~ const.

vh gives the maximum Lorentz factor of the jet after adiabatic expansion.

However, vh drops to ~ 10 due to the mixing in this case.
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B relativistic Bernoulli equation: yh ~ const.

~vh gives the maximum Lorentz factor of the jet atter adiabatic expansion.

However, vh drops to ~ 10 due to the mixing 1n this case.



schematic picture of the GRB jet

Progenitor
(massive star)

collapse

g

Meszaros M

“ -‘-;" ’Shell?,k :
X f;_’:..t_«‘ i
External :
Internal shocks

shocks . ‘ \ \ Fe line

Fe line
Gamma-ray
burst

Afterglow

Central engine

® MHD process

Extraction of the rotational energy
of the BH or accretion disk through

B-field

B thermal process

Observation
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axisymmetric

progenitor: 16TI model (Woosley & Heger 06)

jet:
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Basic physics of the propagation of the relativistic jet 1s
investigated though 3D HD/2D MHD numerical simulations.

B A pressure mismatch between the jet and surrounding medium leads to
the radial oscillating motion of the jet.

B The jet-external medium interface is
unstable due to the oscillation-induced

Rayleigh-Taylor instability

&= { Richtmyer-Meshkov instability

B deceleration of the jet due to the mixing between
the jet and surrounding medium

Next Study:
B more realistic situation for relativistic MHD jets 1n the context of GRBs




