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What is a relativistic jet?

collimated bipolar outflow from gravitationally bounded object

" W active galactic nuclei (AGN) jet: v ~ 30 Lorentz factor
1 B microquasar jet: v = 0.9c
. B Gamma-ray burst: ¥y > 100

microquasar: Mirabel et al. 1998
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Open questions

Launching mechanism of the jet
Acceleration of the jet: 7 ~ 30 (AGN) - 100 (GRB)

Collimation of the jet: related to the stability
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GRMHD simulations for launching jet
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Poynting-flux-dominated jets with mildly relativistic velocity are launched.

Further acceleration of the jet is necessary during the propagation of jet.



Promising scenario for acceleration

- magnetic dissipation
- in sifu energy conversion

- energy conversion from magnetic energy into thermal energy

Idea: striped jet (Drenkhahn+ 02, Giannios & Uzdensky 19)
stripped jet

magnetic field

accretion disk

» ‘ emios & Dedersior 2

BH




Rarefaction accelerahon of Jef

(a) Side View Matsumoto & Masada 2013
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réconfinement jet head
region

specific enthalpy

D(l@v):—a—P h=1I r P

equation of motion: 2Py Py 2 "T —1 pc2

Bernoulli equation: yh ~ const.

When the jet radius expands, h decreases.
Then the Lorentz factor is accelerated.



Promising scenario for acceleration

- magnetic dissipation
- in sifu energy conversion

- energy conversion from magnetic energy into thermal energy

Idea: striped jet (Drenkhahn+ 02, Giannios & Uzdensky 19)
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Polar field reversals in the Sun

Magnetic Butterfly Diagram
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longitudinally averaged radial magnetic field obtained from instruments on Kitt Peak and SOHO

11-year cycle for the polarity of the magnetic field in the sun



Field reversals in accretion disks

Butterfly Diagram (Brandenburg+ 95)
proto-stellar disk
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Eield reversals in je}L
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Promising scenario for acceleration

- magnetic dissipation
- magnetic reconnection in jet

- energy conversion from magnetic energy into thermal energy

Idea: striped jet (Drenkhahn+ 02, Giannios & Uzdensky 19)
stripped jet
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BH
We addressed the dynamics of jets with toroidal magnetic field reversals

through axisymmeftric special relativistic magnetohydrodynamic simulations.




Basic equations

mass conservation
O (pu®) =0

energy-momentum conservation
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- cylindrical coordinate system - ideal MHD
- axisymmetric: 05 =0 - relativistic HLLD (Mignone+ 09)
- pure toroidal field: only jet



Numerical settings

Piet = 0.01, v, = vjer = 0.99¢, Vjer ~ 7.09
Pjeto =22 x 1074

Mjet — 67 Mrela,jet — M/Yjet/’)/sound = 41.95

F/Tjet

axisymmetric

15
cold jet

oW
dary

Z/rjet

Trev=00, 10, 1, 0.1

ﬁjet — 2Pjet,0/bm2 = 0.1



Distribution of Magnetic Field/Pressure
B Komissarov 1999

dp _ b?d(rb?)
dr  r dr

balancing equation of the momentum in the radial direction

H h
ence, we have configuration of B-field

1
bfl(r/rm) if r<rp, 08
b = bﬁg(rm/r) if r<r<r, QE 0.6/
0 if r>r, = 092

0
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Pe |+ % (1 — (r/rm)z) if r<rp,

P= 9 ap, if rm <r<r,

L Pe it r>r,

where r, 1s the radius of the jet core p, = B(b$)2/2, o=
1 — (1/B)(rij/rm)*.



Magnetic Field Solenoidal Condition

V - B = 0 must be satisfied in MHD phenomena.

However, this condition is not necessarily satisfied in numerical
simulations calculating discrete quantities in space.

Even a small nonzero value of divB can produce a large
error in the solution of the MHD equations.

. . . 0B
induction equation: — = -V x FE
ot
8B?“=—<V><E>r=(%—l%%:0 .
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V - B =0 is automatically satisfied.



Time scale of field reversals

innermost stable circular orbit (ISCO): R, = GM/c?

Rbase ~ RISCO ~ a few X Rg

Keplerian orbital period:

GM , - [GM
T 2 - 2mR, [ Rpase 3/2
base ™ QK(Rbase) B C Rg

Rbase — ]-ORg Tbase ~ ZOORQ/C

mp  Trev 7 ]'OTbaSG ™~ 103Rg/c

rapidly rotating BH:  Rpase ~ Risco ~ Ry = Ty ~ 10°R,/c



Distance from Black hole

- axial length of the field reversal
lrov ~ CTrev ~ 10°R,, rapid rotation: .., ~ 10*R,

ri =10R;  corresponds to  Trev = 10 model

r; = 100R, corresponds to  Trev =1  model

r; = 1000k, corresponds to Trev = 0.1 model

- simple conical jet (0, = 0.1): z = r;/tanb; ~ r;/0;

Trev = 10 - = =-> 2z = Z_OQRQ
Trev p— :_ S > Z — :_OBRQ
Trev — 0.1 - = > 2= Z-O4Rg
AGN: GRB:

M = 108]\4sun M = 10Mgyy
R, ~ 10"cm R, ~ 10%m




Comparison of B-field

Magnetic field B,
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Comparison of magnetization
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Magnetic energy is dissipated at the infterface of field reversals.



Comparison of Lorentz factor

Lorentz factor y
(a) Model A (x_ = x)

(b) Model B (z_=10)

(c¢) Model C (x_=1)

(d) Model D (x_=0.1)
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- energy conversion from magnetic energy into thermal energy

- acceleration at the reconfinement region

thermal energy - - > Kinetic energy
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Rarefaction accelerahon of Jef

(a) Side View Matsumoto & Masada 2013
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réconfinement jet head
region

specific enthalpy

D(l@v):—a—P h=1I r P

equation of motion: 2Py Py 2 "T —1 pc2

Bernoulli equation: yh ~ const.

When the jet radius expands, h decreases.
Then the Lorentz factor is accelerated.
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Summary

We addressed the dynamics of jets with toroidal magnetic field reversals
through axisymmetric special relativistic magnetohydrodynamic simulations.

The magnetic energy at the interface of field reversals is dissipated when
the jet propagates through a ambient medium.

The Lorentz factor of the jet is accelerated due to the in situ energy

conversion from the magnetic energy to the kinetic energy, through the
thermal energy.

When the aspect ratio between the jet radius and the axial length of the
field reversals is 0.1, all magnetic energy of the jet is dissipated. On the
other hand, when its ratio is greater than unity, the magnetic dissipation
and the subsequent acceleration of the jet are observed locally at the
interface of field reversals.

The inhomogeneity of the jet may be responsible for the variability of the
light curve of the astrophysical jet such as the blazar and gamma-ray burst.



