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Particle acceleration in shock-driven turbulence: roles of
instabilities, reconnecting/non-reconnecting current sheets, and
magnetic islands

Naoki Bessho!?, Li-Jen Chen?, Jonathan Ng'?, Michael Hesse?, Lynn B. Wilson
II1%, and Julia E. Stawarz*

! University of Maryland, College Park, USA
2 NASA Goddard Space Flight Center, USA
3 Naval Postgraduate School, USA

4 Northumbria University, UK

In shock waves in space plasmas, several different mechanisms work together to produce energetic
particles and heat plasmas. In situ space observations of the Earth’s bow shock, such as by
Cluster and Magnetospheric Multiscale (MMS), have revealed an abundance of current sheets in
both the transition region and the downstream region of the shock. Current sheets are produced
by plasma instabilities, and some of them show signatures of collisionless magnetic reconnection,
which rapidly converts magnetic energy to particles’ energies.

We will show results obtained by fully kinetic particle-in-cell simulations of quasi-parallel
shock waves. When the Alfvén Mach number exceeds 10, the nonresonant ion-ion beam instability
grows in the shock transition region, and current sheets are formed in the nonlinear stage.
Multiple beams are produced, and the secondary instability produces sub-ion-skin-depth current
sheets. Eventually, magnetic reconnection occurs in some of these current sheets, in the form of
either ion-coupled reconnection or electron-only reconnection.

Electrons are accelerated by several mechanisms in the shock-driven turbulence. Electrons
trapped inside contracting magnetic islands gain energy due to Fermi acceleration. In ion-
kinetic-scale islands, electrons can gain energy from the Hall electric field, and also by the island
betatron acceleration. In addition, electrons can gain energy even from non-reconnecting current
sheets when they are thinning. For ions, the energization mechanisms are different. Inside ion-
kinetic-scale islands, the ion temperature becomes significantly large, and this is because of the
combination of the density decrease and the energization by the Hall electric field. Also, ions
can gain energy from moving magnetic islands and current sheets, which works more efficiently
than the conventional shock drift acceleration. We will discuss a scenario of the production of
non-thermal electrons and ions, and injection into diffusive shock acceleration.

In planetary bow shocks and interplanetary shocks, heavy ions such as alpha particles are
included, and these heavy ions may have significant impact on instabilities and the nonlinear
evolution of the shock. We will discuss the effects of heavy ions on electrostatic/electromagnetic
instabilities and current sheet formation.



The decay of Alfvénic turbulence — from cascading down to its
dissipation at kinetic scales
Jorg Biichner!?

I Max-Planck Institute for Solar System Research, Gottingen, Germany
2 Technische Universitit Berlin, Berlin, Germany

Turbulence is believed to play key roles in a wide range of plasma environments from astrophysics
- including space and solar system Plasmas - to laboratory plasmas. In the usually magnetized
plasmas Alfvénic turbulence is the universal process that plays a crucial role in cascading the
energy from large scales, where it is generated (by Supernovae, also stars like the Sun et c.) to
small scales where it is dissipated to particle acceleration and Plasma heating. Lately even the
source region of the Alfvénic turbulence in the solar wind was observed by in situ observations
of the Parker Solar Probe in the inner heliosphere. These and other observations have confirmed
that collisions between counter-propagating Alfvén wave packets are fundamental for the evolu-
tion of the Alfvénic turbulence. These collisions are supposed to drive the energy cascade of the
MHD turbulence. A major long-lasting and still open question about the Alfvénic turbulence
is, however, how and through which mechanism(s) the energy is transferred between scales and,
in particular, how it is dissipated at small scales. For the latter the kinetic (particle) physics
of the turbulent plasma has to be understood. While already the MHD-scale turbulence is an
essentially non-linear process whose description, even of its models, requires numerical, this is
the more true for the treatment of the kinetic end of the spectrum of the turbulence.

I shall review first the state of the art of the investigation of the Alfvénic turbulence. Putting
an emphasis on the non-linear processes which determine the high-frequency end of the cascade
by to small-scale kinetic processes. Including our actual kinetic numerical simulation results.

It appears that a number of small-scale structure-formation and -decay processes control the
down-cascading of the energy in magnetized plasmas. Indications for them are increasingly found
by observations in solar system plasmas.



Wayve cycles and instabilities at non-stationary
quasi-perpendicular collisionless shocks

Horia Comigel and Octav Marghitu

Institute for Space Sciences, Bucharest-Magurele, Romania

By using full-particle PIC simulations, whistler wavefronts developing in the upstream part of the
foot were observed to correlate with reflected ions at a high Mach number quasi-perpendicular
collisionless shock. The respective wavefronts exhibit a time-varying amplitude, corresponding
to the variation of reflected ions with the shock reformation cycles. Linear analysis suggested
that the upstream propagating waves can be described by the fast two-stream instability. Here,
we extend the spectral study to the ramp and shock overshoot, to highlight in more detail the
time evolution and properties of developing waves in the shock layers. The role of these waves
in the study of electron heating by the cross-shock potential in the adaptive deHoffmann-Teller
coordinate system is also discussed.



Magnetic and velocity gradient tensors approach to space plasma
turbulence
Giuseppe Consolini', Virgilio Quattrociocchi', and Massimo Materassi?

L INAF-Istituto di Astrofisica e Planetologia Spaziali, Rome, Italy
2 Istituto dei Sistemi Complessi, CNR, Sesto Fiorentino (FI), Italy

In the framework of space plasma turbulence a peculiar role is played by coherent structures.
For instance, in the past several works evidenced how magnetic and velocity field structures
may be responsible for the occurrence of intermittency. A different approach to characterize the
topological /morphological features of structures from a local point of view is the investigation
of the magnetic and velocity field gradient tensors and, in particular, of the joint-distribution
of the gradient tensor SO(3)-invariants. Here, we review some past and recent results on the
gradient tensor approach to characterize the morphology and the topology of the streamlines
and the magnetic field flow.



Numerical simulations of astrophysically relevant pair beam
instabilities in a laboratory

Suman Dey

Institute of Theoretical Physics, Technical University of Braunschweig, Braunschweig, Germany

The interaction of TeV blazars emitted gamma-rays with the extragalactic background pho-
tons gives rise to a relativistic beam of electron-positron (e~e™ ) pairs propagating through the
intergalactic medium, producing an electromagnetic cascade through up-scattering low-energy
photons. Plasma instability is considered one of the underlying energy-loss processes of the
beams. In this talk, I will present particle-in-cell (PIC) simulations to study the plasma insta-
bilities of relativistic pair beams propagating through plasma, using the parameters designed
to replicate astrophysical jets under laboratory conditions. In an astrophysical scenario with a
non-Maxwellian, dilute beam, electromagnetic type instabilities is suppressed because the beam
has a momentum anisotropy. [ will discuss the range of density contrast at which electrostatic
modes are dominating over electromagnetic modes with an anisotropic beam in laboratory scales,
consistent with the physically relevant conditions for Blazar-induced beams. I will also present
constraints on weak intergalactic magnetic fields (IGMFs) in cosmic voids by incorporating both
plasma-instability cooling and magnetic deflection effects into cascade modeling. 1 will discuss
the implications for the lower limit of the IGMF and the role of plasma instabilities in forming the
observed gamma-ray spectrum using the Fermi-LAT observations of TeV blazar 1ES 02294200
as a case study.



Experiments on magnetic flux ropes

Walter Gekelman

Department of Physics and Astronomy, University of California, Los Angeles
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Magnetic Flux Ropes are comprised of twisted magnetic fields and currents. The pitch of the
field varies with radius of the ropes. Photographs of X ray emission from the solar corona suggest
the surface of the sun is littered with them. Some are arched and others expand outwards to
become coronal mass ejections. Under the right conditions they become kink unstable. If two or
more are close to one other the kink instability can cause them to collide and trigger magnetic
field line reconnection. Flux ropes have been produced in the Large Plasma Device at UCLA and
studied for over a decade. This talk will review some major results. The Quasi Seperatrix layer
(QSL) , a three dimensional region in which reconnection occurs, has been measured. Volumetric
measurements of inductive and space charge electric fields, plasma density, magnetic field, ion
flow, electron temperature and rope current were undertaken at over 42,000 spatial locations and
thousands of time steps. These were used to calculate the reconnection rate, canonical helicity,
and all the terms, save resistivity, in Ohms law. Ohms law was found to be non-local. The rope
magnetic fields were determined to be deterministically chaotic. This was determined using the
Complexity and Entropy ( C-H plane) determined from magnetic field and flow data. Finally
measured topological quantities such as twist and winding number were used to determine where
in the QSL magnetic reconnection occurred.



Interaction between large amplitude upstream waves and the
earth’s bow shock

Tohru Hada', Shuichi Matsukiyo?, Yasuhito Narita®

! International Research Center for Space and Planetary Environmental Science, Kyushu University,
Fukuoka, Japan
2 Faculty of Engineering Sciences, Kyushu University, Kasuga, Fukuoka, Japan

3 Institute of Theoretical Physics, Technical University of Braunschweig, Braunschweig, Germany

Large-amplitude, low-frequency magnetohydrodynamic (MHD) waves are ubiquitous in the up-
stream region of the Earth’s bow shock. These waves are convected by the supersonic plasma
flow and eventually encounter the shock. Their interaction with the shock generates downstream
waves (or turbulence) through the wave transmission and wave amplification at the shock. Al-
though this wave-shock interaction problem has been studied by numerous authors since the
1960s, several important issues remain unresolved. In this presentation, we revisit this problem
and discuss topics such as shock modification (or even annihilation) resulting from the interac-
tion, the existence of a critical incident-wave angle beyond which no downstream solution exists,
and the relationship between this problem and the evolutionary conditions of dissipative MHD
systems.



Abundant nonlinear interactions of atmospheric waves in the
middle and upper atmosphere: Two-dimensional spectral
evidence and physical interpretation of bispectral analysis

Maosheng He

National Space Science Center, Chinese Academy of Sciences, Beijing, China

Atmospheric waves generated in the troposphere and stratosphere grow in amplitude as they
propagate upward, leading to increasingly strong nonlinear effects. These effects typically peak
near the mesopause, making this region a hotspot for nonlinear wave-wave interactions. Second-
order nonlinear interactions, which involve three wave modes whose frequencies and wavenumbers
satisfy sum or difference matching conditions, are among the most commonly observed nonlinear
processes in the middle and upper atmosphere. However, many planetary-scale waves, including
Rossby waves, tides, mixed Rossby-gravity waves, and ultra-fast Kelvin waves, have tradition-
ally been investigated using single-station or single-satellite observations. Such one-dimensional
spectral approaches are prone to aliasing and may lead to ambiguous identification of nonlin-
ear interactions. To address this issue, we develop a two-dimensional spectral analysis method
based on dual-station meteor radar observations from China and Germany. By simultaneously
constraining both frequency and wavenumber, this method improves the reliability of identifying
nonlinear wave-wave interactions. Using this approach, we identify dozens of newly detected
secondary waves arising from interactions among major middle- and upper-atmospheric wave
modes. This presentation provides a comparative summary of these nonlinear interaction pro-
cesses and further discusses the physical interpretation of bispectral and bicoherence analyses for
detecting nonlinear wave-wave interactions in the atmosphere.



Is quasi-linear theory good enough for the radiation belts?

Richard B. Horne

British Antarctics Survey, Cambridge, UK

Quasilinear (QL) theory of wave-particle interactions has been widely adopted in global radiation
belt models. Use of the theory means we can represent wave-particle interactions as a diffusion
process and use the Fokker-Planck equation to calculate variations in the high energy electron
flux (> 100 keV). This method has been used successfully to reproduce variations in the radiation
belt electron flux over periods of several days, and adapted to provide space weather forecasts
of the MeV electron flux up to 24 hours ahead to help protect satellites from internal charging,
satellite anomalies and potential service outage. QL theory omits particle trapping and other
highly nonlinear effects, and there is always some concern that these could be very important.
In this talk we review the application of quasilinear theory in global radiation belt models. We
discuss some of the differences between QL theory and fully nonlinear effects, and review some
of the evidence for each. We discuss the challenge to show that the effects omitted by QL theory
make a difference on a global scale in the radiation belts and suggest one possible way to achieve
this. We also discuss one area that could provide an important testing ground related to the
acceleration of electrons to multi-MeV energies in the radiation belts.



Plasma heating by magnetic reconnection and Alfvén waves in
collisionless shocks

Masahiro Hoshino', Shuichi Matsukiyo?, and Takanobu Amano'

! Department of Earth and Planetary Science, The University of Tokyo , Tokyo, Japan
2 Faculty of Engineering Sciences, Kyushu University, Kasuga, Fukuoka, Japan

In collisionless shock waves, the ion and electron temperatures generally differ, and the mech-
anisms governing their energy partitioning remain one of the central unresolved problems in
shock physics. Although energy can be exchanged through various plasma waves generated up-
stream and downstream of the shock, large-amplitude Alfvén waves excited by ions reflected at
the shock front play a particularly important role in high-Mach-number shocks. In this presen-
tation, we focus on these large-amplitude Alfvén waves and examine not only plasma heating
through conventional wave-particle interactions but also preferential ion heating driven by mag-
netic reconnection within current sheets formed by trains of such waves. Using particle-in-cell
(PIC) simulations, we demonstrate that magnetic reconnection and magnetic annihilation within
these current sheets significantly influence the downstream energy partitioning between ions and
electrons.
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How AI learns multiscale coupling: The attention mechanism

Masatomi lIizawa

Institute of Theoretical Physics, Technical University of Braunschweig, Braunschweig, Germany

The history of Al is characterized by cyclical booms driven more by market enthusiasm than
technical timelines, with the definition of intelligence repeatedly rewritten to suit contemporary
desires. The current fourth wave, driven by large language models (LLMs) and generative Al is
the latest stage in an evolution that progressed from the hand-crafted inference algorithms of the
1950s (the first boom), through the rule-based expert systems of the 1980s (the second), to the
deep learning explosion of the 2010s (the third). While the steady progress of science provides
the necessary foundation, each periodic rise and fall reflects shifting market hype rather than
pure technical progress.

The third and fourth AI booms share a foundational reliance on statistical machine learning
and the utilization of unprecedented volumes of data. These booms are accelerated by the
inflation of computing resources and digitized data, closely linked to market trend. At the
same time, there have been genuine engineering advancements, particularly in technologies for
structuring massive amounts of data without rigid inductive biases. As a prime example of this
bias-free approach, the self-attention mechanism has become dominant in the fourth AI boom.
In this presentation, I explain this mechanism, which is central not only to Transformers, as
seen in ChatGPT, but also to latest generative image models driven by Diffusion Transformers
(DiTs).

The self-attention mechanism dynamically computes weight vectors within a model to de-
termine which parts of input or output tokens to focus on. While traditional models identified
correlations at specific relative positions or fixed intervals, general time-series or spatial datasets
lack such uniform arrangements. For example, in the sentence “Beer is made from malt,” the
terms that require particular attention are “beer” and “malt”. Similarly, in the sentence “Beer
is made from ingredients such as malt,” attention should still be paid to “beer” and “malt,”
but their spatial relationship is different. To capture such variable dependencies, classical for-
mal linguistics has traditionally relied on hierarchical structural constraints. In contrast, the
self-attention mechanism assumes no a priori tree structures, determining interaction strengths
solely through data-driven arithmetic operations on three vectors: Key, Query, and Value. It
thus captures non-local, multi-range dependencies dynamically without relying on predefined
geometric or hierarchical constraints.

This concept could potentially be applied to physical systems. In turbulence research, one of
the major topics is the treatment of interactions between different scales. The act of pre-setting
certain scales or filtering boundaries in traditional models can be seen as directly analogous
to introducing a rigid, predefined syntax tree in linguistics. Just as self-attention bypasses the
syntax tree to connect “beer” and “malt” across variable distances, can we understand complex,
multiscale fluid phenomena by completely abandoning strict scale constraints and spatial biases?
In this talk, I explore the possibility of formulating and evolving physical dynamics within a
purely scale-free, data-driven framework. We will examine whether a self-attention-inspired
mechanism can genuinely capture the unconstrained nature of non-linear multi-scale interactions,
or if predefining scales remains an indispensable bias for physical comprehensibility.
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Electrostatic solitary waves in space plasmas

Gurbax S. Lakhina

Retired, Indian Institute of Geomagnetism, Mumbai, India

Electrostatic solitary waves (ESWs) occur frequently in space plasmas, for example, in the plane-
tary magnetospheres, solar wind, Lunar wake, etc. The electrostatic solitary structures are found
in the electric field parallel to the background magnetic field, and are usually bipolar or tripolar.
There are several theoretical models in the literature to explain the observed characteristics of
the ESWs in space plasmas. All models can broadly be put into two main categories, namely,
Bernstein-Green-Kruskal (BGK) modes/phase space holes models, and ion- and electron- acous-
tic solitons models. The models based on BGK modes/phase space holes have been favourite
among the space community. The potential of soliton models to explain the properties of ESWs
has been realized only recently. The idea of this talk is to review the current understanding
of the properties and generation mechanisms of ESWs, highlight the relationship between the
space observations of ESWs and theoretical models, and also to bring awareness among the
readers about the potential of nonlinear fluid (soliton and double layers) models in explaining
the key properties of ESWs observed in space plasmas. To illustrate, some examples of ESWs
observations in the induced magnetospheres of Mars and Venus will be discussed.
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Chorus waves in the inner magnetosphere: 1D and 2D
particle-in-cell simulations

Quanming Lu

University of Science & Technology of China, Hefei, China

Whistler-mode waves are common right-hand polarized electromagnetic fluctuations in space
plasmas, with frequencies ranging from approximately 0.1 to 0.8 times the electron cyclotron
frequency. A particular type of whistler-mode wave exists in the Earth’s radiation belts, which
generally features a quasi-monochromatic coherent structure and is known as chorus waves. Cho-
rus waves play a critical role in the dynamics of electrons within the Earth’s radiation belts. Via
cyclotron resonance, they can accelerate some electrons to MeV energies and scatter electrons
in the energy range of 0.1-30 keV into the loss cone; these electrons subsequently precipitate
into the atmosphere and produce diffuse auroras. Chorus waves possess several distinctive char-
acteristics. First, they are typically quasi-monochromatic oscillations whose frequency rises or
falls monotonically over time. Second, a power gap commonly emerges at half the electron cy-
clotron frequency for chorus waves. Third, they frequently occur in a quasi-periodic repetitive
pattern. In this work, we investigate chorus waves in the Earth’s radiation belts using 1D and
2D particle-in-cell simulations and provide physical interpretations for the above properties of
chorus waves.
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Spatio-temporal resolution of ion-scale structures in magnetized
plasma shocks

Shuichi Matsukiyo

Faculty of Engineering Sciences, Kyushu University, Kasuga, Fukuoka, Japan

We experimentally reproduced a well-developed supercritical quasi-perpendicular shock in a mag-
netized helium plasma and resolved its spatiotemporal ion-scale structures by using the Gekko
XIT laser facility at the Institute of Laser Engineering, Osaka University. Long pulse laser irra-
diates a plate target to create a high-speed plasma flow normal to the target plate. Surrounding
gas is ionized with intense radiation generated from the interaction between the laser and the
target material. Ambient magnetic field almost parallel to the plate surface is applied by us-
ing a Helmholtz-like coil so that the gas plasma was nearly homogeneously magnetized. The
high-speed target plasma acts as a magnetic piston to form a shock in the ambient gas plasma.
One-dimensional Thomson scattering measurements identified an additional ion population, dis-
tinct from the main one, exhibiting features indicative of a reflected-ion component within the
transition region. Two-dimensional self-emission imaging revealed ion-scale ripples along the
shock front, while streaked self-emission imaging captured intrinsic temporal oscillations on the
ion-gyro timescale. The oscillation period cannot be attributed to the propagation of the ripples.
Instead, the observed temporal behavior is inconsistent with classical self-reformation.
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A chaotic thermostat model for particle dynamics

George J. Morales

Physics and Astronomy Department, University of California, Los Angeles, USA

A mathematical model of particle dynamics in contact with a heat bath, referred to as a “chaotic
thermostat”, is investigated. The model is an extension of the pioneering developments of Nosé,
Hoover, and Martina, Klein and Tuckerman (MKT), of deterministic thermostats that are in-
trinsically Hamiltonian. The “chaotic” feature consists of the inclusion of a deterministic, self-
consistent fluctuating force that plays an analogous role to the random fluctuations invoked in the
Langevin stochastic model. In the absence of external forces, the coupling to a chaotic thermostat
allows [1]| a particle initially at rest to self-heat, the velocity distribution function is Maxwellian,
the ensemble-average spatial displacement is diffusive, satisfies the Einstein relation between mo-
bility and diffusion over a limited parameter space, and the frequency spectrum of the velocity
fluctuations displays an exponential frequency dependence linked to Lorentzian-shaped pulses,
which is an intrinsic property of chaotic systems. The wave-particle interaction in contact with
a chaotic thermostat is found [2] to follow the generalized collisional plasma dispersion function
[B. D. Fried, A. N. Kaufman, and D. L. Sachs, Phys. Fluids 9, 292 (1966)|. This implies that the
particle response automatically evolves from the collisionless Landau limit to the Braginskii col-
lisional behavior as the coupling time-scale to the thermostat is varied. The model has been used
to extract the nonlinear mobility associated with intermittent particle trapping for the various
collisional regimes. Investigations of a PIC code coupled to a chaotic thermostat have explored
[3] the ensuing collective behavior for a variety of situations, including: heating and cooling
to Maxwellian distributions of prescribed temperatures, relaxation of an initial drift, response
to a DC electric field, Debye-shielding of spatially periodic sources, externally-driven traveling
waves, and relaxation of the two-stream instability. In addition to the usual collective Langmuir
waves, it is found that the system supports modes associated with the thermostat dynamics.
These modes become more prominent as the effective collision frequency becomes comparable
to the plasma frequency. The methodology has also been used to illustrate the thermodynamic
efficiency a single-atom thermal engine.

1. G. J. Morales, Phys. Rev. E 97, 032203 (2018).
2. G. J. Morales and Z. Li, Phys. Plasmas 30, 032104 (2023).
3. G. J. Morales, V. K. Decyk, and A. Wang, Phys. Plasmas 32, 023903 (2025).
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Beam instabilities: linear-mode picture and nonlinear wave
scenarios

Uwe Motschmann', Yasuhito Narita', and Tohru Hada?

! Institute of Theoretical Physics, Technical University of Braunschweig, Braunschweig, Germany
2 International Research Center for Space and Planetary Environmental Science, Kyushu University,
Fukuoka, Japan

Ion beam instabilities are a ubiquitous driver of waves and turbulence in space and laboratory
plasmas. However, modeling these systems often introduces numerical singularities and unphysi-
cal modes that plague traditional dispersion solvers. We present a unified framework that tracks
ion beam instabilities from their exact linear modes to their long-term nonlinear evolution. The
first part focuses on the linear regime. We introduce a newly developed, computer-algebraic
method (e.g., implemented via Python’s NumPy and SymPy) that restructures the plasma di-
electric tensor into a rational polynomial. By removing singularities and unphysical modes prior
to root-finding, our open-access solver efficiently captures all physically relevant modes, such as
whistler and ion-cyclotron waves for arbitrary propagation angles and complex beam geometries,
including helical ring-beams. We demonstrate how this tool seamlessly maps the transition from
resonant to non-resonant (firehose-like) instabilities. The second part applies the linear-mode
picture to a more realistic, multi-species plasma environment, in particular, the double-beam
system expected in Mercury’s upstream foreshock. Here, we move beyond linear growth rates
to discuss nonlinear wave evolution scenarios. We discuss how simultaneous linear excitation of
different beam species triggers independent parametric instabilities and driven wave-wave cou-
plings. These nounlinear processes ultimately cause distinct high- and low-frequency splits in the
wave spectrum. This comprehensive model explains how the complex “fingerprints” observed in
spacecraft data (such as MESSENGER and BepiColombo) are formed, bridging the gap between
exact linear theory and observed nonlinear plasma dynamics.
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Complex networks approach to the study of space and
astrophysical phenomena

Victor Munoz

Departamento de Fisica, Facultad de Ciencias, Universidad de Chile, Chile

The intrinsically nonlinear features of space and astrophysical systems pose a major challenge to
the understanding of their dynamics. However, the increasing realization that nonlinearities lead
to emergent, complex behaviors has opened the possibility to use a new family of techniques and
insights, usually developed in other research fields, that have proved to be useful to describe and
model the behavior of space and astrophysical phenomena. In this work, we present a complex
network approach to this issue. Complex networks can capture the evolution of spatiotemporal
patterns and reveal nontrivial structures in the data, which we study by means of time-based
complex networks, as well as by community detection algorithms to establish correlations between
distant measurements. We explore how complex networks, combined with data-driven detection
algorithms, exhibit scale-free behavior for the emergence of active regions on the solar surface
[1, 2]. In turn, spatiotemporal networks built for active regions where flares emerge, not only
have scale-free features, but network evolution reveals a 22yr cycle consistent with the Hale solar
magnetic cycle, [3] showing that topological features of the network can indeed be related to the
dynamics of physical systems. Building on the idea that magnetic reconnection can be related
to rewiring of a complex network, we further show how a well established cellular-automaton
model for solar flares, the Lu-Hamilton model, [4] yields variable flare statistics when avalanches
occur over a rewired network. [5] Another particularly interesting approach is the visibility
graph, which allows the mapping of time series into a complex network, enabling discrimination
between various underlying dynamics. [6, 7| We apply this method to time series related to
solar activity, [8] and to light curves of pulsating variable stars. We find that visibility graphs
provide a novel basis for predicting solar maxima, improving on previously available methods. |9]
Regarding variable stars, we explore the capability of visibility graphs to discriminate between
different types of pulsation modes, and show the robustness of the method when observational
data are incomplete, as is usual for light curves. [10] Finally, we study how community detection
algorithms [11, 12] in complex networks are a useful framework for investigating the evolution of
the Earth’s magnetic field along the solar cycle. Our results provide evidence that complex solar
network approaches yield interesting insights into the nonlinear dynamics of physical systems,
revealing universalities and features not evident when analyzing them with more traditional
techniques, and opening new opportunities for the study of space and astrophysical phenomena.

1. V. Mufioz and E. Flandez, Complex network study of solar magnetograms, Entropy, 24, 753,
2022.
2. M. S. Castillo, V. Mufioz, and F. A. Calderén, Observation of scale-free complex network
behavior in the solar magnetic field along the 23rd solar cycle, Chaos, 35, 123103, 2025.

3. E. Flandez, A. Zamorano, and V. Munoz, A 22 yr cycle of the network topology of solar active
regions, Astrophys. J. 980, 4, 2025.

4. E. T. Lu and R. J. Hamilton, Avalanches and the distribution of solar flares, Astrophys. J.
Lett., 380, 1.89-1.92, 1991.

5. A. Zamorano, L. Morales, D. Pastén, and V. Mufioz, Lu and Hamilton model for solar flares
over a rewiring complex network, Astrophys. J. 994, 257, 2025.

6. L. Lacasa, B. Luque, F. Ballesteros, J. Luque, and J. C. Nuno, From time series to complex
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method, Entropy, 25, 342, 2023.

9. E. Flandez and V. Mu noz, A prediction of solar cycle maxima using visibility graphs,
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Diaz-Guilera, 6687, Springer, 2003.

12. L. Orr, S. Chapman, and J. Gjerloev, Network community structure of substorms using
SuperMAG magnetometers, Nat. Commun, 12, 1842, 2021.
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The diversity of magnetohydrodynamic turbulence

Wolf-Christian Miiller

Technische Universitédt Berlin, Berlin, Germany

This talk intends to present to basic ideas that have been driving progress in the theoretical
understanding of turbulent plasmas in the magnetohydrodynamic approximation during the last
decades. This involves the concepts of weak and strong turbulence, spatial anisotropy, the inter-
play of fast wave dynamics and typically slower fluid motion, and the potential non-universality
of MHD-turbulence statistics due to the presence of large-scale magnetic fields and related struc-
ture formation processes. Various phenomenological approaches which attempt to construct a
physically consistent combination of these different aspects of magnetohydrodynamic turbulence
are discussed as well. Some new directions of numerical investigation of this still unresolved fluid
dynamical problem are also briefly introduced.

19



First course in Artificial Intelligence (AI) for plasma physicists

Yasuhito Narita and Masatomi lizawa

Institute of Theoretical Physics, Technical University of Braunschweig, Braunschweig, Germany

Artificial intelligence (AI) and deep learning are often treated as "black boxes" that work through
intuition rather than clear rules. We discuss that this is not the case, and fill the gap between
modern Al and physical systems, such as the mechanism or concept behind deep neural networks
and generative diffusion models. It is possible to interpret Al in the fashion of plasma physics
theory: the microscopic picture (spin network), the mesoscopic picture (Langiven equation),
and the macroscopic picture (McKean-Vlasov equation). Neural network architectures are not
arbitrary computational tools, but are essentially equivalent to interacting many-body systems.
By tracing the mathematical path from microscopic spin flips up to mesoscopic trajectories,
we derive the macroscopic McKean-Vlasov transport equation directly from the Al structure.
We reveal how the deep learning optimization process mirrors the closure problem in magne-
tohydrodynamics (MHD) and the minimization of free energy. We also discuss how the neural
networks bypass the catastrophic dimensionality problem that makes traditional, grid-based Eu-
lerian Vlasov solvers so computationally expensive. By switching to a mesh-free computational
topology, deep learning has the potential to provide a new paradigm by significantly reducing
the computational effort in plasma simulations and transport modeling.
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MHD control parameters in the solar wind

Owen W. Roberts

Department of Physics, Aberystwyth University, Aberystwyth, UK

In this talk a number of different MHD control parameters will be discussed and the methods
used to measure them in the solar wind presented. The relevant control parameters for MHD
are the flow Reynolds Re number which is defined as the ratio of inertial to viscous forces, and
the magnetic analogue Rm which gives the magnetic advection over magnetic diffusivity. Both
of these numbers are related to the bandwidth of the inertial range in turbulent power spectral
density of velocity and magnetic fluctuations. Measuring an effective viscosity or magnetic
diffusivity in the solar wind is difficult as the solar wind is nearly collisionless so any viscous
effects must be different to classical viscosity. Analogously, when density or thermal fluctuations
are used a Peclet number can be obtained which relates the advection to the mass/thermal
diffusion based on the data used. From the magnetic Reynolds number the Lundquist number
is the ratio of the resistive diffusion timescale to the AlfvA(@©n crossing timescale . Several
different formalisms exist to obtain the above numbers which involve estimating the outer scale
of turbulence and the inner scale. In classical hydrodynamics the end of the inertial range
is denoted by the Taylor microscale, this is the scale where correlations begin to reduce and
the cascade starts to be disrupted, but before peak dissipation at the Kolmogorov scale. In a
turbulent plasma there is further structure beyond the end of the inertial range. Rather than a
break at a single scale multiple breaks and ranges are often observed at smaller scales beyond
the inertial range, which makes it less clear where the inner scale is. The different formalisms
for estimating these control parameters will be discussed.
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Nonlinear plasma wave and process observations concerning
plasma theories

Bruce T. Tsurutani

Retired, Pasadena, California, USA

I will discuss three different nonlinear wave topics today. First I will show from data analyses that
Quasi-Linear Theory (QLT) applied to an energetic electron temperature anisotropy instability
needs updating. The missing physics is electron phase-bunching which leads to the generation of
coherent plasma waves, such as electromagnetic chorus. The wave-particle pitch angle transport
rate is ~1,000 times faster than what incoherent wave QLT theory would predict (refs 1, 2, 3).
The instability growth rate will need to be reassessed as well. Particle-in-Cell codes could be
used to update and replace QLT.

The second topic is the evolution of nonlinear Alfvén waves. This result comes from analyses
of interplanetary Alfvén waves. It is shown that nonlinear Alfvén waves phase-steepen leading
to a formation of a rotational discontinuity at its leading edge (an intermediate shock?). The
Ponderomotive Force at the discontinuity /shock leads to perpendicular and parallel heating of
the ambient solar wind plasma (ref. 4). This heated plasma contributes to the acceleration
of the solar wind at the Ulysses spacecraft (~2 AU) distance from the Sun. The evolution of
interplanetary Alfvén waves also contributes to interplanetary plasma turbulence. The phase-
steepening creates high frequency waves and the elongation of the trailing portions of the waves
cause period doublings (ref. 5), i.e. magnetic turbulence.

The nonlinear interplanetary Alfvén wave evolution is caused by kinetic processes. The above
processes are quite different than those predicted by the Hasegawa (1976) MHD instability theory.
We recommend that people observationally examine the details of magnetospheric quasi-linear
Alfvén waves to better understand their evolution.

It has been shown that the Fermi mechanism for the acceleration of energetic particles (Axford
et al., 1977) is substantially less efficient than the gradient-B drift charged particle acceleration
mechanism (ref. 6). The problem most likely lies in an overestimation of the pitch angle transport
rate across 90° pitch, leading to particles returning to the interplanetary shock. Measurements
of this backstreaming of energetic particles could be used to update theory.

Tsurutani and Lakhina (ref. 7) have estimated that a maximum intensity magnetic storm
might be as large as a peak intensity of SYM-H = —3500 nT, essentially double that of the
Carrington magnetic storm peak intensity (ref. 8). This estimate was based on a single fast
ICME taking only ~12 hrs to come from the Sun to the Earth. We now realize that much slower
compound ICMEs and sheaths can create extremely intense magnetic storms at Earth (refs. 9,
6 and 10) some of which may have greater ring current total energies than the Carrington 1859
event. Can ICME compound events cause even greater peak storm intensities than SYM-H =
—3500 nT? Certainly so. This has not been modeled yet.
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LOFAR observations of solar radio bursts and coronal turbulence

Christian Vocks

Leibniz-Institut firr Astrophysik Potsdam (AIP), Potsdam, Germany

The Sun is an intense radio source in the sky. The thermal emission of its million Kelvin outer
atmosphere, the solar corona, already makes it one of the brightest astronomical objects at metric
wavelengths. But non-thermal emission associated with the phenomena of the active Sun, like
solar flares or coronal mass ejections (CMEs), can surpass the thermal intensity by up to four
orders of magnitude.

Non-thermal solar radio emission at frequencies below about 1 GHz is typically plasma emis-
sion, that is the result of a non-linear multi-stage process. Energetic electrons that have been
accelerated in a solar flare or at a CME shock front lead to an electrostatic instability in the
coronal plasma that is called a Langmuir wave. Here electrons and protons oscillate relative to
each other with a given frequency, the plasma frequency. It is noteworthy that the plasma fre-
quency only depends on the electron density, and is independent of other plasma parameters like
temperature or magnetic field. As an electrostatic fluctuation within the coronal plasma, Lang-
muir waves are not directly detectable for a distant observer. However, non-linear wave-wave
coupling can produce electromagnetic waves that can leave the solar corona and propagate to an
observer on Earth. Coupling of the Langmuir wave with a low-frequency plasma wave leads to
fundamental emission at the local plasma frequency, while the coupling of two Langmuir waves
results in harmonic emission at twice the plasma frequency. The connection between plasma
frequency and electron density allows for a determination of source height based on the observed
frequency and a coronal density model.

Solar radio bursts show repeating patterns in dynamic radio spectra that have led to their
classification in types I - V. Most notably, type II bursts are associated with coronal shock waves,
and type IIT are the signatures of energetic electron beams. I will present a solar flare event
with strong type III bursts that has been observed with the LOFAR radio telescope. Imaging
observations with the LOFAR interferometric array reveal dual-source structures interpreted
as fundamental and harmonic emission. The analysis of such structures requires a closer look
at radio wave transport in the solar corona. Fundamental emission is emitted at the local
plasma frequency, that is also the lower boundary of radio wave propagation in a plasma. The
index of refraction approaches zero here, so that the emission becomes very sensitive to density
fluctuations. Harmonic emission is much less affected, since it is generated at frequencies well
above this cut-off.

An important transport effect is refraction, caused by the large-scale density decrease in the
corona with height. Its main consequence is an apparent source shift towards the solar disk
center. But turbulence also plays an important role. The solar corona is very turbulent, due
to the convective plasma motion in the outer layers of the Sun and the associated production
of MHD waves, that are also relevant for heating the corona to Megakelvin temperatures. The
first effect of turbulence on radio wave propagation is limiting the resolution of interferometric
images, like those from LOFAR, to about 17, although LOFAR has baselines that allow for sub-
arcsecond resolution. On top of this, it is anisotropic, and therefore leads to a shift of apparent
source position outwards away from the solar disk center.

The effects of refraction and scattering are thus competing with each other. Observations
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of type III bursts with fundamental and harmonic emission during a flare then reveals how
turbulence changes during the flare. In order to do so, one has to identify fundamental - harmonic
pairs, that should originate from the same volume in the solar corona. Differences in source
positions are then due to the effects of scattering and refraction. Refraction is dominated by the
large-scale density structure of the corona, that does not change significantly during the flare.
Increased scattering leads to an outward shift of the fundamental source relative to the harmonic
source. This way, it is possible to show that the flare does indeed increase coronal turbulence.
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Multi-scale energy conversion hierarchy in collisionless plasmas
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4 Swedish Institute of Space Physics, Uppsala, Sweden
5 Institut fiirr Theoretische Physik, Technische Universitit Braunschweig, Braunschweig, Germany

Collisionless turbulence simultaneously amplifies magnetic fields and dissipates energy at kinetic
scales. Using MMS mission tetrahedron gradients in the magnetosheath, we extend our recent
identification of a collisionless turbulent dynamo by incorporating new diagnostics of sub-ion-
scale energy-conversion channels. Electromagnetic work and pressure-strain interaction terms
reveal intermittent, sub-ion-scale dissipation tightly associated with enhanced current densities.
In contrast, dynamo-related stretching, folding, and compression terms—estimated from the
same MMS gradients—exhibit slow, persistent, and spatially coherent evolution, consistent with
magnetic-field variations regulated by pressure-anisotropy instabilities. This persistent dynamo
action progressively sharpens magnetic gradients and generates thin current sheets, providing the
very sites where rapid, localized kinetic energy conversions occur. Together, these observations
establish a multi-scale energy-conversion hierarchy: long-lived, dynamo-driven magnetic-field
amplification at large scales feeding the formation of thin current sheets, within which bursty
sub-ion-scale dissipation channels operate. These findings are directly relevant to astrophysical
plasmas where similar multi-scale couplings govern magnetic-field growth and plasmaA heating,
and they highlight the experimental challenges that the upcoming Plasma Observatory mission
must address to resolve these processes across multiple spatial scales simultaneously.
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Response-function formulation for (Hall-)magnetohydrodynamic
turbulence

Nobumitsu Yokoi

Department of Earth and Planetary Science, The University of Tokyo , Tokyo, Japan

Response-function formulation provides a powerful scheme for turbulence closure, without re-
sorting to any external parameters such as the eddy-damping rates, relaxation times, length
scales, etc. In this formulation, in addition to the correlation functions associated with the fully
nonlinear fundamental equations, the linearised equations of the responses to infinitesimal pertur-
bations for the fundamental equations are considered. By simultaneously solving the equations
of the correlation and response functions (propagators), closure of nonlinear system of propaga-
tors becomes viable. This formulation also expands the scope of theoretical studies because it
enables a simultaneous treatment of fully nonlinear statistical properties and dynamic response
of turbulence. A response-function formulation is applied to Hall-magnetohydrodynamic (MHD)
turbulence. Unlike in the hydrodynamic case, because of the self- and cross-interactions between
velocity and magnetic-field, we have to treat at least four response functions even in the simplest
solenoidal MHD case.A The expression for the turbulent electromotive force (EMF) is explored
with special emphasis on the cross-interaction response effects.
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