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Relativistic Jets in the Center of Galaxies

Relativistic jet
> 99% light speed

Accretion g
M87 (Elliptical galaxy)

© NASA and The Hubble Heritage Team (STScI/AURA)



Magnetic Energy of Jets (Theory)

Relativistic jet
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Magnetic Energy of Jets (Theory)

Magnetic energy
0o =

particle energy
Relativistic jet

Distance from BH [ry]

' ac o< ar  or a 0 5 10 15 20 25 30

Equatorial radius [gravity radius 7y ]

‘Jet launching site: & > 1 ‘




Magnetic Energy of Jets (Observation)

Relativistic jet

o

_ Magnetic energy

~ particle energy
(e*,p)

Tavecchio & Ghisellini (2016)

‘y ray emission site: 0 << 1 ‘
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Magnetic Energy Dissipation 1n Jets

Magnetic reconnection

Problems
- 0 ~ 1 (Sironi et al., 2015)

- Inconsistent with IXPE
(D1 Gesu et al., 2022,2023)




Shock Dissipation of Intermittent Jets

I ' :
ntermittent ‘ Intermittency ‘

\ Jets
\ (Chaskina et al., 2021; Christie et al., 2019)

Internal shock model

Crash!
——>

o < 1 — Dissipation Efficiency f ~ 10%

Problem
o> 1 - f K 1% (Kennel & Coloniti, 1984)




Alternative Scenario — Intermittent Jets and Wind

Intermittent

\ Jets

‘Wind interaction? - My work! ‘

Transfer

‘ Magnetic ‘ E—) ‘ Kinetic ‘
Crash!

Dissipate
I . ‘ Thermal ‘
Radiate

y-ray 8




Our Work — Demonstration of Our Scenario

‘How efficient? ‘

Intermittent

\ Jets ‘ 1D Relativistic MHD simulation ‘




Our Implemented Code — 1D AMR-SRMHD

1D Special Relativistic MHD system equations /Numerical scheme \
. M + Li 2( T ) — ‘M
o T2, WlVr) = - viass » 2nd order MUSCL-TVD (van Leer 1979)
* 2nd order Runge-Kutta method
A %irz(wl“zvr — pI'v,) = 0 : Energy . . S
at  reor * Flux limiter function : minmod (Roe 1986)
, g_i n TLZ aa_r r2(wl2v2 + p) = ZTP . Momentum * Riemann solver : CENTRAL (Rusanov 1962)
K AMR (Berger & Oliger 1984) /
.9Be lir(B v,)=0 : Induction
ot  ror o¥r ' with AMR without AMR
7 =wIl? —p — pI' : energy density 5 ol ool
S = wl?v, : momentum density : i
w =€+ p, + 2p,, : enthalpy g
P, Pg) Pm, € - measured at the fluid rest frame 7
5 < Shock wave
The heatratio : y =1 + E;—Ep g 10} 1.0} wav
v = (v,,0,0),B = (0,By,0) : assumption % 6 — !
M fiyation © G = B§ - | % I — AMR < Discontinuity
agnctzauon . 6 = 4m(e+pg)T2 0.550 0555  0.560 0.550 0555  0.560  0.565

Radius [Rgec] 10



Single Jet Simulation

By

Jet

* Ejer = 10°0 erg

-I'=10

'pOCT'_Z
- T =100 MeV
'O'0=10

ISM

" my, = 938 MeV
"I'=1w=0)

"y = 1em™3
T =1MeV

" Bism = 1 uG

Mass density / Lorentz factor / Magnetization

— — —

time step = 00170000 s
Whole area [0.1Rgec, 5Rgec]
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Magnetic Energy Dissipation (Conversion)

Collision with ISM
l
Decelerate FS
l
Magnetic pressure
l
Rarefaction wave

l

Dissipation ends

Time evolution of energy components
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Magnetic Energy Dissipation (Conversion)

Collision with ISM
l
Decelerate FS
l
Magnetic pressure
l
Rarefaction wave

l

Dissipation ends

Time evolution of energy components
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Multiple Jets Stmulation

Bg

Intermittent jets
* Ligr = 10*° erg/s

°0jet=10
‘ Tige = 100 MeV
-T'=10+5

R
" et = (3 iz)rTOc

Winds

* Lyind = 10_4Ljet
* Owing = 10710

* Twing = 100 MeV

* Vwind = 0.1c cm/s

" twing = (1£0.1)

—_—T ]

time step = 05400000 s
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Low Sigma Relativistic Hot Outflow

0.1

53— 51/ 8

Radius [10%® cm]

[/ o / Temperature |m,c?|

.84 5,80 5.88
Our scenario can generate 0 < 1,I' > 1, T > 1 MeV ‘ s




o , Thermal
Dissipation Efficiency f =< — energy)

IDJGCUOH energy partial average
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Summary

Intermittent

Check this!!

[m] 5= [m]
[=]

Pur

pose: Demonstrate new model

Method: Simulation by our code

Result : 15% efficient dissipation

17




Summary

Intermittent

/ \ Jets

Purpose: Demonstrate new model

Method: Simulation by our code

Result : 15% efficient dissipation

* 0 problem

Check this!!

[=]
[=]

Our model may explain

* y-ray variability
+ X-ray polarization

* Particle acceleration
% and so ...

18




Sackup



‘Thermal energy Ey, [10°Y erg]

DiSSi patl On Eﬁcl Ci en Cy BLlac : 0 < 1,T ~ 10 (Ghisselini et al., 1993)

Time averaeged Ey,

¢
Eq(t) = j Len(t',R;0 < 1,I >5)dt’ wwp [ = Average injection energy

Lyind = 10_4Ljet (Lwing: low) Lyind = 10_ZLjet (Lwing: high)

2.0 - 1.00
Stationary Flare-like
i 0.50
: —  5%10'® cm
0.57 — 10x10% cm 0.25¢
— 15x1016
0.0k | X , cm 0.00 ‘!J]flJl |
' 200 400 ' 200 400

Time t [10° s]



Dissipation

Model n twind fmax  Behaviour
A 1074 (1+£0.1)t, 0.15  stationary
B 1072 (1£0.1)t, 0.07  flare-like
C 103 (1+0.1)t, 0.12 both
D 1073 (1+0.1)#,/2 0.075 stationary
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