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The golden age of plasma astrophysics
• Most of the visible Universe is in a turbulent, magnetized plasma state

• Many key open questions in astrophysics and astroparticle physics involve 
plasma physics, from the acceleration and propagation of high-energy cosmic 
rays to the role of turbulence and magnetic fields in the formation of galaxies, 
stars, and planets…

• Highlight: multi-messenger astronomy (combine                                        
information from electromagnetic radiation, cosmic                                                   
rays, neutrinos, and gravitational waves to investigate                                                     
high-energy processes in the Universe)

• Confluence of new capabilities in observation/experiment & theory/simulation



Plasma physics – connecting the dots



Seemingly disparate complex non-equilibrium
systems can actually be closely connected!

A „provocative“ statement by Richard Feynman:

„It is actually quite possible for a physicist to retain a
broad knowledge of the physical world rather than to
become a specialist in some narrow area.“

He gives three reasons:
• Same physics principles connecting different kinds of phenomena
• Same fundamental laws underlying these phenomena
• Same equations (and analytical / numerical techniques to solve them)

Richard Feynman, Lectures on Physics, Vol. II, Ch. 12

FEYNMAN’S REMARKS



Building bridges between the lab and nature
A recent example

Fully kinetic PIC simulations support GENE results [Told PRL 2015; Bañón Navarro PRL 2016]

How does plasma turbulence dissipate energy at the (kinetic) tail of the MHD cascade?

GENE code

Tools originally developed for fusion research are exported to plasma astrophysics

Solar Wind

law !f"0:3. It is worth recalling here that GK theories

predict the power laws k"7=3
? for the magnetic field spec-

trum and k"1=3
? for the electric field spectrum at these

subproton gyroscales [13,14]. The fact that the electric
field spectrum continues with a nearly zero spectral slope
above f # 10 Hz is due to reaching the noise level of the
EFW experiment.

The present observations suggest that the energy of the
turbulence is only slightly damped at the proton gyroscale
!p and undergoes another dispersive cascade with the
scaling f"2:3. Any strong damping would have led to a
much steeper spectrum, if not to a clear cutoff [6].
Steepening of spectra (e.g., from k"5=3 to k"7=3) below
the proton scale can indeed be explained solely by disper-
sive effects as has been predicted by various nondissipative

dispersive MHD models [8,9,20,21]. However, as we show
below, finite dissipation may occur at the proton scale !p

along with more significant damping at the electron gyro-
scale !e. This latter may explain the stronger steepening of
the spectrum to f"4 (the power law fits in the dissipation
range may be not very accurate because they extended over
less than a decade due to the noise level of the instrument).
This scenario of dispersive cascade and dissipation at

electron scales appears consistent with Kinetic Alfvén
Wave (KAW) turbulence as predicted by the GK theory

[13,14]. The predicted scalings B2 ! k"7=3
? and E2 ! k"1=3

?
are in striking agreement with these observations. KAW
turbulence has been observed previously [7,22], but only at
large (proton) scales (up to 10 Hz). Here, we are observing
KAW behavior down to electron scales where enhanced
dissipation becomes evident. This can be explained by
electron Landau damping, as it is shown below.
To confirm this scenario of KAW energy cascade and

dissipation, we have solved numerically the Maxwell-
Vlasov equations [23] assuming Maxwellian distributions
of protons and electrons with characteristics that reflect the
physical parameters deduced from the data. We assumed
that the turbulence was quasi-two-dimensional (2D), i.e.,
kk $ k?. This assumption is justified by an analysis (not
shown here) that used the k-filtering technique [19] on the
k-vectors distribution at large scales (f < 10"2 Hz). That
analysis confirmed the 2D nature at large scales. This 2D
picture at large scales is likely to continue at the small
scales as reported in previous studies [19,22]. Several
previous observations have also reported the dominance
of the 2D turbulence in the SW [21,24].
The results shown in Fig. 5 prove that under the plasma

conditions observed here, KAW can propagate over a wide
range of scales before being damped at the electron gyro-

FIG. 4 (color online). Spectra of data from spacecraft 4 in the
Despun System of reference (DS): Ey measured by EFW (bold
black curve) and Bz measured by FGM and STAFF-SC merged
at 1.5 Hz (light line; green online). The straight black lines are
direct power law fits of the spectra. Vertical arrows are the
Doppler-shifted proton and electron gyroradius and inertial
lengths.

FIG. 5 (color online). Linear solutions of the Maxwell-Vlasov
equations for " ¼ arccosðk;B0Þ ¼ 89:99(, obtained using the
plasma parameters given in the text. The real part of the
frequency (black line) and the damping rate (light line; red
online) are consistent with the kinetic Alfvén wave dispersion
relation and damping [6,13]. The dashed line is the asymptote
!=!cp ¼ kkVA=!cp. The plots stop at scales where j#j!!r.

FIG. 3 (color online). High-pass filtered power spectra of the
parallel (green line) and perpendicular (blue line) of the mag-
netic fluctuations measured by STAFF-SC during the time sub-
intervals !t1 (a) and !t2 (b) shown on Fig. 1. Dotted line is the
STAFF-SC noise level. The straight black lines are direct power
law fits of the spectra. Vertical arrows are defined in the text.
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Plasma physics for astrophysics: CR propagation
Just an example



Plasma physics and black holes

X-ray emission from plasma
near the Galactic Center

Jets from SMBHs in the
galaxy cluster Abell 400

GRMHD simulation: accretion
disk and jets around a black hole



UHECRs from relativistic AGN jets? Alves+ PRL 2018

Fully kinetic simulations: magnetized jets are susceptible to helical kink instabilities



Max Planck Institute for Plasma Physics (IPP)
• IPP was founded in 1960 by Werner Heisenberg
• IPP has 1100 staff (700/400 at Garching/Greifswald) and operates

two large experiments (ASDEX Upgrade, W7-X)
• Focus on fusion energy, but also active in basic plasma physics

and plasma astrophysics

Garching Greifswald
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Plasma-Based Accelerators: Opportunities

Identifying and understanding cosmic accelerators (UHECRs!)
Bridging laboratory and astrophysical plasmas

• Exploring existing experimental facilities to their full potential
• Simulation as a bridge between experiment and astrophysics
• Possible goals: Understand basic plasma processes, validate codes…

Pushing the (theory) envelope…
• Exascale computing allows for new kinds of simulations
• Plasmas under extreme conditions (GR, radiation, QED…)

Connecting the dots…
• Plasma processes (turbulence, reconnection, dynamos, shocks, radiation…)
• Spatio-temporal scales (mic vs mac)
• Scientific disciplines (plasma physics, astrophysics, space physics, HEP…)


