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What is a plasma? LISBOA

States of matter
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Supernova
remnants

1 pc=3x10%m

* Helder et al 2009, Ackermann et al 2013

NASA

10 — 30% energy fraction converted into cosmic rays

10*

-

=-
-
-

Flux (m? sr s Gev)™
3
>

)
R

10

10° 10"? 108 10" 10%!

(source: Swordy - U.Chicago) Energy (eV)

D.Lopes| September 10, 2025 | Outstanding student talks



Shock frame
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Accelerated particle

15t order Fermi mechanism in shocks*
(a.k.a. diffusive shock acceleration)

Fractional energy gain per shock crossing:
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Fractional particle loss per shock crossing:
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Power-law spectrum:
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Elegant solution to power-law particle acceleration across wide range of systems

* Krymskii 1977, Axford, Leer, Skadron 1977, Bell 1978, Blandford & Ostriker 1978
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Shock transition typically defined by ion Larmor radius

Downstream Upstream
p=4po ™A P =po

i >> re

Electrons need to be pre-accelerated to start crossing the
shock front

Riding Giants (2004)

Particle injection is determined by microscopic
plasma processes and is not well understood
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Kinetic simulations are critical to study microphysics of shocks W TIsB0A”

For our study, we will rely on large scale simulations, using a method called Particle-In-Cell (PIC).

Particle-in-cell (PIC): kinetic
plasma simulations

Integration of equations of
motion
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LISBOA

lon’s role: the key to magnetic field amplification W s

lons play an important role in shocks

N

lon’s behaviour and influence

* lons get reflected in the shock front
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lons reflected at the
shock front
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Trapped particles

* The density of reflected ions might be crucial in

controlling magnetic field amplification
upstream of the shock.

@

We will artificially inject cosmic rays and study their impact
on the magnetic fields and particle injection.

Downstream Upstream
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S. G. Lucek, A. R. Bell, MNRAS 314, 65 (2000); A. R. Bell, MNRAS 353, 550 (2004) D.Lopes| September 10, 2025 | Outstanding student talks
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lon reflection leads to magnetic field amplification W LISBOA

Magnetic field with ion density a= 0,01 Magnetic field with ion density a = 0,09
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Cosmic ray injection affects the energy spectra

TECNICO

LISBOA

Electron acceleration decreases with increasing CR density lons acceleration increases with increasing CR density
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Cosmic ray injection affects the energy spectra W 1is80A”

Recap and future perspectives

* Supernovae generate shocks that are capable of accelerating particles to extremely high energies;
* The mechanisms by which particles enter these shocks are still unknown;

* Using simulations, we have studied the effect of several factors, such as ion density on magnetic fields and particle
injection into these shocks;

* In the future, we will extend this analysis to more parameters, with the ultimate goal of developing a consistent model
capable of describing both injection and acceleration.
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Collisional shocks

Mediated by particle collisions

13

Mediated by electromagnetic interactions
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~ synchrotron spectrum
radiated all the way
across the Universe and
then observed by
telescopes

high-energy electrons accelerated at
the shock spiral around magnetic
fields emitting synchrotron radiation

adapted from J. M. Burgess 14

We've detected highly energetic
electrons accelerated at SNRs;

However, no sign of equivalently
energetic ions was seen, despite the
composition of cosmic rays.

So, are the shocks that efficiently

accelerate electrons also good at
accelerating ions?
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Fast streaming particles lead to magnetic field
amplification

Jtast (CRs)

>

’BO

<
Jr (background) = =Jfast

B-field amplification

S. G. Lucek, A. R. Bell, MNRAS 314, 65 (2000); A. R. Bell, MNRAS 353, 550 (2004)
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Bell instability: the key to magnetic field amplification TLFSCE';\'U'gO

Our kinetic simulations give consistent results
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Bell dispersion relation LISBOA

Dispersion relation for Bell instability Dispersion plot shows different regimes
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Bell growth modes

Amplitude

FFT shows a clear preferred mode

FFT of transverse magnetic field
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After a long time, the instability migrates to longer wavelengths

Transverse Magnetic Fields
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Shock simulations show signs of magnetic field amplification LISBOA

Reflected ions and B-field amplification can be detected

Charge density profile shows a clear shock censiy
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A deeper look into CR injection

CR ions are distinguishable from background ions

density
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CR electrons mimic the behavior of electrons
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CR electrons
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Despite initially neutral, CR electrons get immediately stopped, turning practically indistinguishable from background

electrons.
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