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Message from the President

thesis in Astronomy and Astrophysics 
to Sofia Savvidou, recognizing an out-
standing contribution by an early-ca-
reer researcher. In addition, the Soci-
ety continued its support of the Greek 
astronomical community through trav-
el grants for PhD students, contribu-
tions to educational and outreach ac-
tivities, and the promotion of astrono-
my-related events across the country. 
As the current term of office draws to a 
close, I would like to express my grati-
tude to all members of the Governing 
Council for their dedication and hard 
work. I would particularly like to thank 
the outgoing members of the Council—
Dr. John Antoniadis, Dr. George Balasis 
(Vice-President), Dr. Athanasios Papaio-
annou (Treasurer), and Prof. Maria Pe-
tropoulou (Secretary)—for their invalu-
able contributions to the Society's activi-
ties during the past four years. During 
the General Assembly on 26 June, we 
will also present the Society's new web-
site, which will provide a modernized 
and more dynamic platform for com-
munication with our members and the 
broader public.

The period 2025–2026 has also been 
marked by significant developments in 
astronomical infrastructure in Greece. 
In September 2025, Skinakas Observa-
tory in Crete began scientific operations 
with a 1-m optical telescope, while a 1.2-
m class telescope dedicated to spectro-
scopic observations is scheduled for 
commissioning in summer 2026. At the 
same time, the ARGOS Pathfinder radio 
array, consisting initially of five dishes at 
the FORTH campus in Heraklion, is ex-
pected to enter operation, opening new 
opportunities in radio astronomy and 
multi-messenger astrophysics. In paral-
lel, the National Observatory of Athens 

has expanded its role in both astrono-
my and space science. During 2025, the 
Kryoneri and Helmos observatories suc-
cessfully participated in long-distance 
optical communication experiments 
with NASA’s Psyche mission, demon-
strating advanced laser communication 
technologies. New infrastructure is also 
being deployed at both sites, including 
an 80-cm telescope at Kryoneri and up-
grades to the Aristarchos telescope at 
Helmos. These developments will sup-
port not only astronomical research but 
also next-generation space optical com-
munications and secure data-transmis-
sion technologies.

Looking ahead, I would also like to re-
mind our members of the 6th Hellenic 
Astronomical Society Summer School, 
which will take place from 24 to 28 Au-
gust 2026 at the National and Kapodis-
trian University of Athens. This year's 
school, devoted to Multimessenger As-
tronomy, will bring together leading re-
searchers from Greece and abroad to 
introduce graduate students and ear-
ly-career scientists to one of the most 
rapidly developing fields of modern as-
trophysics. We look forward to welcom-
ing participants from across Greece and 
beyond.

It has been a privilege to serve the So-
ciety during the past two years and 
to witness the continued growth and 
achievements of our community. I thank 
all members for their support, engage-
ment, and commitment to advancing as-
tronomy and space science in Greece. I 
hope you enjoy this issue of Hipparchos, 
and I look forward to meeting many of 
you at our upcoming events and activi-
ties.

It is my pleasure to introduce the 2026 
issue of Hipparchos, the annual news-

letter of the Hellenic Astronomical So-
ciety. As in previous years, this issue 
presents a collection of articles cover-
ing a broad range of topics in astron-
omy, astrophysics, and space science. 
We are particularly pleased to include 
four feature articles: Strong MHD Tur-
bulence and Coherent Structures as 
Cosmic Particle Accelerators by Loukas 
Vlahos; The Multiple Pathways of Neu-
tron Star Magnetic Field Evolution by K. 
N. Gourgouliatos; Determinism, Ran-
domness and Theories of Everything by 
George Contopoulos; and SPEARHEAD: 
Reconstruction, Physics, and Interpre-
tation of High-Energy Particle Popula-
tions in the Heliosphere by Athanasios 
Papaioannou. On behalf of the Society, I 
would like to express my sincere thanks 
to all the authors for their contributions 
to this issue.

On 26 June 2026, the Society will hold its 
annual General Assembly, while the bi-
ennial elections for the Governing Coun-
cil, President, and Auditing Committee 
will also take place electronically on the 
same day. This provides an opportuni-
ty to reflect on the many activities and 
achievements of the past two years and 
to thank all those who have contribut-
ed to them. Among the highlights of 
this period was the 17th Hellenic Astro-
nomical Society Conference, hosted by 
the University of Patras from 30 June 
to 2 July 2025. The conference attract-
ed strong participation from the Greek 
and international astronomical commu-
nities and featured a number of distin-
guished invited speakers, including No-
bel Laureate Didier Queloz. During the 
conference, the Society also presented 
the 2025 Harlaftis Prize for the best PhD 

Despina Hatzidimitriou
President of Hel.A.S.
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en particle energization takes place. This 
viewpoint suggests that energization is 
more naturally described as a sequence 
of discrete events than as a smooth, 
continuous diffusion process in a uni-
form background (see Fig. 23Left). Par-
ticles spend most of their time in a rel-
atively quiescent medium and gain the 
bulk of their energy during brief encoun-
ters with current sheets, shocks, flux 
ropes, or similar structures. When such 
structures are arranged in a fractal or 
multi-fractal manner, the resulting dis-
tributions of encounter distances, wait-
ing times, and energy increments can 
naturally produce anomalous transport.
N. Sioulas et al. (2022) investigated this 
scenario in a highly turbulent, unbounded 
medium by representing coherent struc-
tures as a network of scatterers, each 
endowed with its own stochastic or sys-
tematic energization properties. In this 
framework, the key elements are the sta-
tistical distributions of free-path lengths 
and waiting times, along with the associ-
ated random energy increments (see Fig. 
23Right). When waiting times are negli-
gible and spatial displacements exhibit 
fractal characteristics, the particle distri-
bution evolves into a heated core accom-
panied by a power-law tail (see Fig. 24).

particle acceleration and heating be-
cause reconnection layers, shock injec-
tion, and the most intense dissipation 
regions are often governed by kinetic-
scale physics.
A major practical limitation is the sepa-
ration of scales. To resolve kinetic phys-
ics, a PIC simulation must capture char-
acteristic plasma scales such as the De-
bye length, the plasma frequency, and 
the skin depth (P. A. Sturrock 1994). 
This requirement is computationally 
demanding for astrophysical systems 
whose macroscopic dimensions exceed 
kinetic scales by many orders of magni-
tude. To alleviate computational diffi-
culties associated with scale separation, 
PIC simulations often use mass ratios in-
tentionally set below their physical val-
ues. PIC, therefore, cannot yet simulate 
an entire turbulent corona, jet, or mag-
netotail with a realistic scale hierarchy. 
It should instead be viewed as a local 
microscope that reveals the elementary 
kinetic processes operating inside the 
dissipative structures produced by larg-
er-scale turbulence.
L. Comisso & L. Sironi (2019) explored 
strong turbulence and particle acceler-
ation using PIC simulations, and F. Guo 
et al. (2021) studied the temporal evo-
lution of a reconnecting current sheet 
(see Fig. 22).
MHD and test-particle approaches indi-
cate where energization regions are ex-
pected to appear and characterize how 
particles move through a turbulent mul-
tiscale environment. PIC simulations, in 
turn, reveal the dynamics within those 
regions once fluid descriptions become 
invalid. A complete theory of turbulent 
particle acceleration must incorporate 
both perspectives.

5.5. A Network of Scatterers

Coherent structures determine the spe-
cific sites where intermittent, event-driv-

small, weakly correlated interactions. By 
contrast, in strongly intermittent turbu-
lence, broad distributions of both wait-
ing times and energy increments may 
emerge—especially when coherent 
structures control the dynamics—so that 
conventional diffusive transport may 
need to be generalized to fractional or 
event-driven formalisms (H. Isliker & L. 
Vlahos 2025; F. Effenberger et al. 2025).
The strength of the test-particle method 
lies in its intermediate character. It pre-
serves the multiscale structure of turbu-
lent fields and shows that random scat-
tering and systematic energy gain can 
operate simultaneously. Its limitation is 
equally clear: once energetic particles 
begin to affect the global dynamics ap-
preciably, or when kinetic-scale phys-
ics becomes essential, a fully kinetic de-
scription is required.

5.4. Particle-in-cell simulations

Particle-in-cell (PIC) simulations provide 
the fully kinetic framework required in 
regimes where microscopic plasma pro-
cesses cannot be neglected (J. M. Daw-
son 1983; P. L. Pritchett 2003; C. K. Bird-
sall & A. B. Langdon 1991; R. W. Hock-
ney & J. W. Eastwood 1988). In the PIC 
method, ions and electrons are repre-
sented by computational macro-parti-
cles whose trajectories are advanced 
self-consistently in electromagnetic 
fields defined on a discrete grid, while 
those fields are updated through Max-
well’s equations using the charge and 
current carried by the particles.
The main advantage of PIC lies in its abil-
ity to resolve kinetic phenomena absent 
from MHD and test-particle approaches: 
charge separation, plasma oscillations, 
kinetic instabilities, electron and ion dif-
fusion regions, non-Maxwellian veloc-
ity distributions, and the self-consistent 
feedback of particles on the electromag-
netic fields. This is crucial for studies of 

Figure 23:  (Left) A range of coherent structures within a three-dimensional turbulent plasma 
(T. Richard et al. 2022). (Right) Schematic depiction of coherent current structures in a magni-
fied portion of the turbulent region. As particles move through this volume, they interact with 
these structures in both stochastic and systematic ways (N. Sioulas et al. 2022).

Figure 22:  Particle energy spectra at dif-
ferent times during a representative PIC 
simulation. At late times, the spectrum de-
velops a clear non-thermal tail with a spec-
tral index of p = 1.8 F. Guo et al. (2021).

Figure 24: Steady-state kinetic-energy 
distribution showing the coexistence of 
a heated Maxwellian-like core and a pow-
er-law tail (N. Sioulas et al. 2022).
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SPEARHEAD: Reconstruction, Physics,  
and Interpretation of High-Energy  

Particle Populations in the Heliosphere
by Athanasios Papaioannou for the SPEARHEAD Consortium1

Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens, Greece,  
e-mail: atpapaio@noa.gr

of eight partners from across Europe, 
including research institutes, univer-
sities, and space science centers with 
expertise spanning instrumentation, 
data analysis, modelling, and space 
weather applications. The collabora-
tion is led by the National Observato-
ry of Athens and includes contributors 
from the University of Turku (Finland), 
the Christian-Albrechets-Universitat zu 
Kiel (Germany), the University of Oulu 
(Finland), the University Paul Sabatier, 
Toulouse III (France), the Istituto Nazi-
onale di Astrofisica (Italy), the Hvar Ob-
servatory (Croatia) and SPARC (Greece), 
the combination of which brings togeth-
er strong backgrounds in heliophysics, 
cosmic ray physics, and computational 
modelling. This distributed expertise en-
ables SPEARHEAD to tackle the problem 
of high-energy particle measurements 
in a comprehensive and interdiscipli-
nary manner. Figure 1 shows the logo 
of the project.

Figure 1: The SPEARHEAD logo.

At the core of SPEARHEAD lies a set of 
three fundamental scientific questions 
that reflect the main stages of particle 
evolution in the heliosphere. The first 
question addresses the mechanisms 
by which ions and electrons are accel-
erated to the highest energies during 
solar eruptions. The second focuses 
on the processes governing the release 
of these particles from their accelera-
tion sites in the solar corona, including 

I. Introduction

High-energy particles in the heliosphere 
constitute one of the most dynamic and 
informative components of the space 
environment (Anastasiadis et al., 2019; 
Papaioannou et al., 2025a). Solar Ener-
getic Particles (SEPs), accelerated dur-
ing eruptive solar events, and Galactic 
Cosmic Rays (GCRs), originating from as-
trophysical sources beyond the helio-
sphere, provide complementary probes 
of plasma processes across a wide range 
of spatial and temporal scales (Vainio et 
al., 2009). Their interaction with space-
craft systems, planetary environments, 
and human activities in space makes 
them not only a subject of fundamen-
tal scientific interest but also a key driv-
er of space weather effects (Whitman et 
al., 2023; Kasapis et al., 2026).
Despite decades of observational and 
theoretical work, major uncertainties re-
main in our understanding of how these 
particles are accelerated to high ener-
gies, how they escape their source re-
gions, and how they propagate through 
the heliosphere. A central limitation has 
been the incomplete coverage of high-
energy particle measurements, particu-
larly above 100 MeV for ions and above 
1 MeV for electrons. Many spaceborne 
instruments were not designed to op-
erate efficiently in these regimes, lead-
ing to fragmented datasets and incon-
sistencies between different missions. 
At the same time, the physical process-
es governing particle behavior—rang-
ing from shock acceleration to turbu-
lent transport—are inherently complex 
and strongly coupled (Strauss and Effen-
berger, 2017).
The SPEARHEAD project (SPEcification, 
Analysis & Re-calibration of High Energy 
pArticle Data) [https://spearhead-he.eu/] 
was conceived to address these chal-
lenges through a coordinated, multi-
institutional effort. Funded under the 
Horizon Europe programme, SPEAR-
HEAD brings together a consortium 

Abstract1

The SPEARHEAD (SPEcification, 
Analysis & Re-calibration of High 
Energy pArticle Data) project con-
stitutes a major effort within the 
Horizon Europe framework to ad-
vance the observation and physical 
understanding of high-energy par-
ticles in the heliosphere. Solar En-
ergetic Particles (SEPs) and Galac-
tic Cosmic Rays (GCRs) are funda-
mental probes of plasma processes 
in solar eruptions and interplane-
tary space, yet their measurement 
at high energies remains limited 
by instrumental constraints and 
complex transport effects. SPEAR-
HEAD addresses these limitations 
through the development of phys-
ics-based reconstruction tech-
niques, cross-calibrated multi-in-
strument datasets, and integrated 
modelling approaches. This review 
synthesizes the project’s progres-
sion from methodological devel-
opment to the currently ongoing 
scientific exploitation, emphasiz-
ing the physical interpretation of 
high-energy particle acceleration, 
release, and transport. Attention 
is given to the role of CME-driven 
shocks, magnetic connectivity, and 
heliospheric structures in shaping 
particle populations. The impli-
cations of SPEARHEAD for space 
weather forecasting and heliophys-
ics are discussed, highlighting fu-
ture directions.

Keywords: Sun: particle emission · 
Sun: solar flares · Sun: coronal mass 
ejections-CMEs · solar-terrestrial re-
lations · interplanetary structures · 
Galactic Cosmi Rays · Forbush de-
creases · space weather 

1.	  https://spearhead-he.eu/partners/
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ured count rates into energy-dependent 
particle fluxes. This approach allows the 
reconstruction of fluxes at energies ex-
tending well beyond the nominal sensi-
tivity of the instruments. Importantly, 
it enables the inclusion of a wide range 
of spacecraft—spanning different he-
liocentric distances—in a unified data-
set. This multi-spacecraft perspective is 
essential for studying spatial variations 
in particle populations. From a physics 
standpoint, this reconstruction is not 
merely a technical step; it directly im-
pacts the interpretation of particle spec-
tra. The shape of the energy spectrum 
contains information about the acceler-
ation mechanism, while temporal vari-
ations reflect both injection and trans-
port processes. Without accurate re-
construction, these physical signatures 
would remain obscured. 

III. �Cross-Calibration and the 
Emergence of Coherent 
Heliospheric Datasets

The next critical step is the cross-calibra-
tion of datasets from different instru-
ments. In the absence of calibration, 
differences in detector response, back-
ground noise, and observational condi-
tions can lead to inconsistencies that 
mask physical trends. SPEARHEAD ad-
dresses this by comparing overlapping 
observations and deriving scaling rela-
tionships that bring datasets into agree-
ment. This process effectively creates a 
common reference frame for particle 

this foundation, tracing the evolution of 
SPEARHEAD from its methodological be-
ginnings to its current phase of scientific 
exploitation, with a particular focus on 
the physical insights gained into parti-
cle acceleration, release, and transport.

II. �From Instrument Response 
to Physical Fluxes:  
Bridging Observation  
and Physics

A key innovation of SPEARHEAD lies in 
its ability to extract physically meaning-
ful particle fluxes from instruments that 
were not originally designed for high-
energy measurements. This is achieved 
through GEANT4-based simulations that 
model the interaction of particles with 
detector materials and geometries. At 
a physical level, the challenge can be 
understood as an inverse problem. De-
tectors measure count rates, which de-
pend on both the incident particle flux 
and the detector response function. 
The response function itself is energy-
dependent and often highly non-linear. 
SPEARHEAD addresses this by simulat-
ing particle interactions within the de-
tector, accounting for processes such 
as energy loss, scattering, and second-
ary particle production (Hörlöck et al., 
2026). For this purpose, an open access 
tool, G4VM, has been developed and re-
leased via Github (https://spearhead-he.
eu/tools/).
Figure 2 illustrates how simulated detec-
tor responses are used to convert meas-

the role of magnetic connectivity and 
temporal evolution. The third concerns 
the transport of high-energy particles 
through the interplanetary medium, the 
magnetosphere, and the atmosphere, 
where scattering, diffusion, and large-
scale structures shape their observed 
properties.
To address these scientific challeng-
es, SPEARHEAD is built upon a set of 
complementary technical objectives 
that bridge the gap between raw ob-
servations and physical interpretation. 
A primary goal is the development of 
advanced analysis tools capable of ex-
tracting high-energy particle fluxes from 
instruments that were not originally de-
signed for such measurements. This in-
volves the determination of detailed in-
strument response functions and the 
reconstruction of particle fluxes as a 
function of time and energy (Kühl et 
al., 2017). In parallel, the project aims 
to process and cross-calibrate a large 
number of datasets from different 
spacecraft and ground-based detectors 
(i.e. mainly neutron monitors), produc-
ing harmonized and publicly accessible 
data products. A further objective is the 
validation of these reconstructed data-
sets against direct measurements from 
spectrometers (from the Payload for An-
timatter Matter Exploration and Light-nu-
clei Astrophysics – PAMELA; Adriani et al., 
2011) and the Alpha Magnetic Spectrom-
eter – AMS-02; Aguilar et al., 2021), en-
suring their reliability and scientific us-
ability.
The structure of SPEARHEAD reflects 
this dual focus on methodology and sci-
ence. Work packages dedicated to in-
strument modelling and calibration pro-
vide the foundation for the generation 
of high-quality datasets, while subse-
quent work packages focus on the anal-
ysis of SEP and GCR events, the model-
ling of solar and heliospheric structures, 
and the development of user-oriented 
applications. This layered approach al-
lows the project to progress from data 
reconstruction to physical interpreta-
tion and ultimately toward predictive 
capabilities. In this context, SPEARHEAD 
can be viewed as an effort to unify previ-
ously disparate elements of heliospher-
ic research. By combining multi-instru-
ment observations, advanced modelling 
techniques, and a strong emphasis on 
cross-calibration and validation, the pro-
ject seeks to establish a coherent frame-
work for the study of high-energy parti-
cles. The following sections build upon 

Figure 2: Instrument response and flux reconstruction using the G4VM. GEANT4 model of 
SOHO/EPHIN (top left panel); Solar Orbiter/HET (bottom left and middle panels), Ulysses/
KET (top right) and the corresponding sketch of KET (bottom right).
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of this integration phase is the devel-
opment of a dedicated interface for ac-
cessing SPEARHEAD datasets and event 
catalogues (Figure 10). This interface en-
ables streamlined exploration, visual-

solar corona and interplanetary space. 
This approach bridges the traditional 
gap between remote sensing observa-
tions (e.g., coronagraphs) and in-situ 
particle measurements. A key outcome 

Physically, these decreases are inter-
preted as the result of reduced diffu-
sion coefficients and enhanced magnet-
ic field strengths within the ICME, which 
inhibit the penetration of cosmic rays. 
SPEARHEAD’s identification of a large 
number of FD events across different 
heliocentric distances enables system-
atic studies of their spatial and tempo-
ral evolution, in line with Belov et al., 
2023. These studies reveal that the mag-
nitude and recovery time of FDs depend 
on both the global structure of the ICME 
and the rigidity of the particles. Higher-
energy particles, with larger gyroradii, 
are less affected by magnetic barriers, 
leading to energy-dependent modula-
tion patterns (Figure 8) (Benella et al., 
2025; Dumbovic et al., 2026).
Furthermore, the interaction between 
SEPs and pre-existing heliospheric 
structures introduces additional com-
plexity. For example, particles prop-
agating through an ICME may experi-
ence enhanced scattering or even trap-
ping, leading to prolonged event dura-
tions (see Figure 9) (Papaioannou et al., 
2025b; Rouillard et al., 2026). 
SPEARHEAD’s integrated datasets, com-
bining SEP and FD observations, provide 
a unique opportunity to study such in-
teractions in detail.

V. �Integration and Scientific  
Exploitation: Toward a 
Unified Physical Picture

The transition to scientific exploitation 
within SPEARHEAD represents more 
than a procedural milestone; it reflects 
the emergence of a coherent physical 
framework that integrates particle ac-
celeration, release, and transport into 
a unified interpretation. In this phase, 
the project leverages its validated re-
sponse functions and calibrated data-
sets to perform both statistical analyses 
and detailed case studies. The combina-
tion of large-scale catalogues with high-
resolution event analysis allows for the 
identification of general trends while 
preserving sensitivity to event-specific 
characteristics (Köberle et al., 2025; Jarry 
et al., 2026a; Papaioannou et al., 2026).
A particularly important development 
is the coupling of particle datasets with 
solar and heliospheric modelling. By in-
corporating 3D reconstructions of CME-
driven shocks and magnetic flux ropes, 
SPEARHEAD enables direct mapping be-
tween observed particle properties and 
the evolving physical conditions in the 

Figure 8: Top panel: magnetic field measurements from ACE of the ICME passage. Vertical 
lines indicate the time steps at which the FD model is optimized. Bottom panel: time vari-
ation of first and second anisotropy obtained from NM data during different ICME phases. 
The colormap is defined in the range [-4, 4]%. Triangles indicate the parallel (filled) and 
antiparallel (empty) directions to the interplanetary magnetic field (Dumbovic et al., 2026).

Figure 9: Top panel presents the derived spectrum of SEP measurements, while the bot-
tom panel the relevant derived SEP time profiles, from the SEP acceleration and transport 
modelling chain. Panel on the left-hand side assumes a Parker spiral geometry, whereas 
panel on the right-hand side assumes propagation of particles within a flux rope. (taken 
by Rouillard et al., 2026). 

Figure 10: Screenshot of the interactive web-interface to the SPEARHEAD E>100 MeV SOHO/
ERNE catalogue.
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