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Simulations of relativistic jets and
recollimation 1n extreme blazars

¢ Introduction: TeV blazars and simulations with PLUTO

& 2D relativistic MHD simulations with lagrangian particles for TeV
blazars

¢ 2D — 3D simulations and turbulence
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Extreme TeV blazars

Blazars with high energy peaked, hard spectrum.

Model: standard leptonic emission via synchrotron and SSC from
electrons accelerated through DSA, but the slope is very hard!

What’s the acceleration process?

1. A good guess: due to a series of recollimation and reflection
shocks (Zech A., Lemoine M., 2021, do1:10.1051/0004-
6361/202141062)

Laorentz facter




Extreme TeV blazars

Blazars with high energy peaked, hard spectrum.

Model: standard leptonic emission via synchrotron and SSC from
electrons accelerated through DSA, but the slope is very hard!

What’s the acceleration process?

1. A good guess: due to a series of recollimation and reflection
shocks (Zech A., Lemoine M., 2021, do1:10.1051/0004-
6361/202141062)

BUT can it happen and work? (my research)

2. Other phenomenology? (the current part of my work)

Laorentz facter
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Plasma + Lagrangian particles
simulations with PLUTO

Plasma:

Conservation equations evolved with shock-capturing finite
volume ( or finite difference) methods

dp
ot

ideal MHD for example

Non-thermal particles: Lagrangian particle module

Macroparticles of n real particles characterized by
a spectral distribution

They move following the fluid (fluid quantities at
particle position is found via standard
interpolation methods)

No feedback on the fluid

Energy distribution follows the CR transport
equation (non diffusive)



Plasma + Lagrangian particles
simulations with PLUTO

Plasma:

Conservation equations evolved with shock-capturing finite
volume ( or finite difference) methods

dp
ot

ideal MHD for example

Non-thermal particles: Lagrangian particle module

Macroparticles of n real particles characterized by
a spectral distribution

They move following the fluid (fluid quantities at
particle position 1is found via standard
interpolation methods)

No feedback on the fluid

Energy distribution follows the CR transport
equation (non diffusive)

After crossing shocks particles are accelerated
and the distribution is updated

Non thermal emission via synchrotron and IC.

More can be implemented



2D simulations with particles for TeV
blazars

Setup compatible with TeV blazars
Relativistic

Low magnetized and B = 10736

,\—18
De = Doe (%) and pg; < poe (underpressured)
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2D simulations with particles for TeV
blazars

Setup compatible with TeV blazars
Relativistic

Low magnetized and B = 10736

,\—18
08— o (%) and pg; < poe (underpressured)

recollimation shock

shocked jet / downstream

unshocked jet / upstream

Lorentz factor, zoo




2D simulations with particles for TeV
blazars

Setup compatible with TeV blazars
Relativistic

Low magnetized and B = 10736

,\—18
08— o (%) and pg; < poe (underpressured)

reflection shock: re-shocked jet

recollimation shock

Lorentz factor, zoo

m




2D simulations with particles for TeV
blazars

Diffusive Shock Acceleration
N, (E) o E~? for strong shocks
efficient Fermi I acceleration mechanism:

<AE> Vv

1% C

good for low magnetized jets (otherwise magnetic reconnection
t00)

In recollimation and reflection shocks the shock surface is curved
and the angle between the upstream velocity and the surface is
variable

the strength of the shock increases towards the recolligaation
point.

acceleration sites 1n recollimation-reflection shocks

Lorentz foctor,

Zoom




2D simulations with particles for TeV
blazars

Setup compatible with TeV blazars

Relativistic

Low magnetized and B = 10736

,\—18
s — 9000 (Z) and pg; < poe (underpressured)

Non thermal particle injection

Non thermal density and energy distribution are initialized to
be small and mildly relativistic (we expect to have a population
of pre-accelerated particles)

Specifics have little impact on the results.

Lorentz factor, zoom
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2D simulations with
particles for TeV blazars

Results for different particles: 1, 2, 4, 5

The particles follow the plasma, so they
undergo shocks of varying strength
depending on the direction of the shock
surface, and of the plasma velocity, at their

position.

Particles are accelerated the most near the
axis, near the recollimation point.

The reflection shock is stronger at the axis as

well.




Lorentz factor of particle 1 Lorentz factor of particle 2
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Lorentz factor of particle 4 Lorentz factor of particle 5
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Non thermal particle spectrum of particle 2
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Non thermal particle spectrum p2 details, reflection shock in red, later in blue
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Non thermal particle spectrum p2 details, reflection shock in red, later in blue
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From 2D to 3D:
turbulence in low magnetized jets

1. A series of reconfinement and recollimation
shocks might not be able to accelerate
enough higher energy particles to produce
the hard slope of the TeV blazars.




From 2D to 3D:
turbulence in low magnetized jets

1. A series of reconfinement and recollimation
shocks might not be able to accelerate
enough higher energy particles to produce
the hard slope of the TeV blazars.

2. Instabilities that cannot be seen in 2D
simulations might be relevant in reality:

- Centrifugal instability caused by the
recollimation shock — turbulence in

el _ B 104
low magnetized jets (6 = e IKO0sS)

Matsumoto, Komissarov, Gourgouliatos
doi:10.1093 /mnras/stab828
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DB: data.0000.vtk
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Pseudocolor
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What now?
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3D RHD simulation starting from
the 2D stationary solution to 8
check on turbulence developing
with the PLUTO code: 5
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DB: dafa.0026.vik
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work 1n progress!

. . . ser: Agnese
slice of the 3D simulation é‘uaneS 1 10:57:09 2022
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¢ 3D RHD to 3D Relativistic MHD to check on
turbulence developing

What’s next? & Particle acceleration (and sync+IC emission) in the
3D final setup
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BACKUP
2D simulations with particles for TeV
blazars

Dimensions:
zo = 0.1pc
1o = 0.1z5 = 0.01 pc
Plasma parameters:
=220
L; =10*erg
B ol Ginoloidal

-1.8

Pao =1 dyn/cm? and pg = pa, <i>

A

Dioi= 105" Doy

T =l Grin s
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Non thermal particle spectrum of particle 1 Non thermal particle spectrum of particle 2
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Non thermal particle spectrum of particle 4 Non thermal particle spectrum of particle 5
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BACKUP:
references

Vaidya B. et al., 2018 for the details of the
implementation of diffusive shock acceleration in
PLUTO and all its sources.

Zech A., Lemoine M., 2021 for the emission model
of TeV blazars

Komissarov S., Gourgouliatos K., 2017 for 3D
relativistic HD simultations of turbulence in
recollimated jets

Matsumoto et al., 2021, for 3D relativistic MHD

simultations of turbulence in recollimated jets




