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B relativistic jet 1s launched from the
central engine

B associated the death of the massive
star

The dynamics and stability of the
relativistic jet 1s important in order
to understand the GRB emissions.
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® inside star: collimation by cocoon

® outside star: drastic acceleration
«<— adiabatic expansion: energy conversion from Eiy 10 Fyine
<— Bernoulli equation: vh = const. =1+4P/p
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3D calculation: Zhang+ 2004
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The dynamics of the jet does not drastically change in between 2D and 3D



3D calculation: Zhang+ 2004
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The jet is decelerated due to the material mixing between the jet
and surrounding medium.



3D calculation: Lopez-Camara+ 2013
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® The relativistic jet can propagate and break out the progenitor star
while remaining relativistic without the dependence of the resolution.

e The amount of turbulence and variability observed in the simulations

IS greater at higher resolutions.

e Jet properties are only marginally affected by the dimensionality.
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® radial oscillation motion of the jet

e orowth of the Rayleigh-Taylor and Richtmyer-Meshkov instabilities
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These 1nstabilities grow in GRB jet?



3D simulation:
propagation of the relativistic jet

focusing on the impact of the oscillation-induced
Rayleigh-Taylor and Richtmyer-Meshkov 1nstabilities

(JM & Masada 2013) on the 3D jet propagation.
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B Finger like structures are excited at the interface between the jet and cocoon.




Density log p: z=  2.0e+d° Lorentz factor y: z= 2,O§j-40

1x10° 1x10°
12

5x10° W 5x10°
. 10
> O . ) O 4\ 8
8 8 6

—o5x10 —5x10
1 4
—1><109 _1X109 2

—1x185%x10° 0 5x10%%x10° —1x185%x10° 0 5x109x10°
) O
X X

B Finger like structures are excited at the interface between the jet and cocoon.




3D simulations:
evolution of the cross section of the relativistic jet
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The condition for the RTI

d—P@ < 0 , (Chevalier 76)

heavy fluid dr dr

N ”

\\

! ’
S »
. ’

.

d““-

» '@.i

’
’
‘a
J
»

"
A\

light fluid

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.



Growth of RTI in SN Explosion

The condition for the RTI for a Rk AR0
compressible fluid in the absence 0.00075
of the gravity 1s given by
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The effective 1nertia 1s important. log 'szh: t=120 25]

relativistically hot plasma:

2
PietC” < Rjet

effective inertia:
v’ ph = ~*(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.
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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)

00 . P1— P53
—=k5*A* * A* = » -
(915 0 v s p1+p2




Numerical Setting: 3D Toy Model

Ve considered the
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Result: Density

Since the jet 1s

overpressured 1nitially, at DenSlty

the early evolutional stage
the jet starts to expand.

growth of the oscillation-induced
and RMI at the jet interface

ks are excited
Fmger—hke Stx een the RTI




Synergetic Growth of Rayleigh-Taylor and

Richtmyer-Meshkov Instabilities
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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

U6 |ave grows linearly with time.




Density log p: z=  2.0e+d° Lorentz factor y: z= 2,O§j-40
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B Finger like structures are excited at the interface between the jet and cocoon.




Lorentz factor v: z=  4.Zes0 Lorentz factor v: z=  5.8e47]
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Growth of the RTI and RMI 1s also observed after the jet breaks out
the progenitor star.



2D simulation:
propagation of the relativistic MHD jet



Toy Model for MHD Jet: Pure Toroidal
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axisymmetric

® consistent with previous studies
- Jet successftully drills through the progenitor star
- drastically accelerated after jet breaks out of the stellar surface



axisymmetric

e

® Jet reaches the progenitor surface the progenitor surface faster.

e Maximum Lorentz factor is almost same as pure hydro case.



o=1( o= 10

t = 9.3 sec t = 5.4 sec

S = - ) | nose cone
(Leismann et al. 2005)

e formation of nose cone
— confinement of hot gas < hoop stress

—— |ow Lorentz factor




oc=10 l * y: £=10.

B Pure toroidal magnetic field 1s not responsible for the
further acceleration of the jet compared to the pure hydro jet.




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

3D HD GRB jet 2D MHD GRB jet
B A pressure mismatch between B A nose cone 1s formed between
the jet and surrounding medium forward and reverse shocks.
leads to the radial oscillating
motion of the jet. B [ orentz factor of the nose cone

| . is smaller than the jet core.
B The jet-external medium

interface 1s unstable due to the B Pure toroidal magnetic field 1s
oscillation-induced not responsible for the further
acceleration of the jet compared

Rayleigh-Taylor i 11 ,
?Ly eigh-Taylor 1nsta.b1 1ty. | to pure hydro jet.
Richtmyer-Meshkov instability

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




