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 many numerical works in  
   order to investigate the 
   propagation dynamics of 
   the relativistic jet  
    (e.g., Komissarov+97 Marti+ 97,  
    Aloy+ 00, Zhang+ 03,04, 
    Mizuta+ 06, Perucho+ 08, 
    Morsony+07, Lazzati+ 09,  
    Lopez-Camara+ 13)

 reconfinement shock in  
   the collimated jet  
    (Norman et al. 1982;  
    Sanders 1983)

JM& Masada 13

 radial oscillating motion  
   and repeated excitation of  
   the reconfinement region  
    (e.g., Gomez+ 97, JM+ 12)

importance of three-dimensionality 
oscillation-induced instabilities (cf. Kelvin-Helmholtz instability)
 Rayleigh-Taylor instability in relativistic jets (JM & Masada 13, 19,

 Richtmyer-Meshkov Instability in relativistic jets (JM & Masada 13, 19)

 Centrifugal instability in relativistic jets (Gourgouliatos & Komissarov 17)

JM+17, Toma+17, Gottlieb+19)
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Rayleigh-Taylor Instability (RTI) in Jet

RMI grows



JM & Masada accepted for publication in MNRAS  
arXiv: 1910.11578

Rayleigh-Taylor Instability (RTI) in Jet
3D GRB jet simulation (Gottlieb+ 2019)

3D jet simulation Growth of the RTI at the jet interface 
contributes to the inhomogeneity of the jet.

Material mixing due to the RTI results in 
the baryon loading PHYSICALLY.

 Baryon loading is crucial for the relativistic velocity of the jet.
 Inhomogeneity of the jet (small scale disturbance) may be responsible  

  for the short time-scale variability of the prompt emission.
 RTI-induced turbulence is also important for particle acceleration (Asano+16).



Growth of RMI at Jet Interface

Richtmyer-Meshkov instability is secondary excited between the RTI fingers.  
Almost all finger-like structures in panel (f) have their origin in the RMI.

JM & Masada 2013



Centrifugal Instability (CFI) in Jet

 transition from the laminar to the turbulent flow at the reconfinement  
  point of the jet
 stream-oriented features like the Taylor vortices in the Couette flow and 

  the Gortler vortices in flows over concave surface

cocoon

contact    
discontinuity 

reconfinement

shock 

jet

3D AGN jet simulation (Gourgouliatos & Komissarov 2017)



 dependence of the magnetic field on the growth of the  
  oscillation-induced instabilities
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- in the context of the GRB jet
- 3D special relativistic MHD simulation

Magnetic dependence of instabilities



3D special relativistic MHD code

specific enthalpy

ratio of specific heats

Lorentz factor

energy conservation

mass conservation

momentum conservation

induction equation

energy density

momentum density vector

electric field

 basic equations numerical scheme:

 EoS:

 primitive recovery: 

 accuracy

 reconstruction at cell surface:

 ideal MHD

 special relativity

 Upwind constrained transport (UCT)

relativistic HLLD-UCT

(Londrillo & Del Zanna 00, 04, Minoshima+15)

Mignone & McKinney 2007

MUSCL, minmod

time: second-order, space: second-order

ideal gas

relativistic HLLD (Mignone+ 09)



3D GRB Jet Simulation

Jet

progenitor: 16TI model (Woosley & Heger 06)
 toroidal field
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growth of oscillation-induced 
instabilities at the jet interface

Magnetic tension prevents growth 
of instabilities at the jet interface.

HD vs MHD



When      , the growth of 
oscillation-induced instabilities  
at jet interface is suppressed.

Summary
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future work:
realistic settings (e.g., configuration of magnetic field)

3D GRB jet simulation 
parameter study:

magnetic tension due to strong 
toroidal field 

consistent with analytic works 
(Gourgouliatos+19, JM and Masada 19):

criterion for growth of oscillation-
induced instabilities: � > 1


