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Message from the President

perspectives and enthusiasm will pos-
itively contribute to the work of the 
Council.

It is a great honor to serve as the Presi-
dent of our Society for the 2024–2026 
term. I look forward to building on the 
strong foundation laid by my predeces-
sors and esteemed colleagues, and to 
working collaboratively with the new 
Council to further the mission of the 
Hellenic Astronomical Society.

The current issue of Hipparchos is the 
first I have the privilege of introducing 
as President of our Society. It contin-
ues the well-established tradition of 
presenting a series of high-quality ar-
ticles that span the full spectrum of as-
trophysics and space physics — from 
galaxy evolution and the distant uni-
verse to the near-Earth space environ-
ment and the complex interactions be-
tween the solar wind and our planet’s 
magnetic field.

It features three articles focused on 
emerging and rapidly expanding fields: 
two dedicated to gravitational-wave 
astronomy, and one to TeV astronomy 
with the Cherenkov Telescope Array 
Observatory. In addition, two articles 
explore topics related to the near-Earth 
space environment — one on space 

weather and another on near‑Earth ob-
jects.

The current Governing Council has also 
introduced a new feature: Hipparchos 
will now include short articles highlight-
ing key results from major research pro-
jects —such as those funded by the Eu-
ropean Research Council— that have 
been carried out at Greek institutions. 
In this framework, the present issue 
includes two such reports: one by Dr. 
A. Bonanos on the outcomes of the 
ERC‑funded ASSESS project, complet-
ed in 2024, and another by Prof. K. Tas-
sis on the findings from the ERC-fund-
ed PASIPHAE project, also concluded in 
2024. 

I would like to sincerely thank all con-
tributing authors for preparing their ar-
ticles in a way that is both accessible 
to non-specialists and scientifically ro-
bust. In particular, I wish to acknowl-
edge Dr. George Balasis, Vice President 
of our Society, whose dedicated efforts 
were instrumental in bringing this issue 
of Hipparchos to publication.

I am confident that readers will enjoy 
this collection of articles. This issue will 
be distributed during the 17th Confer-
ence of Hel.A.S., taking place in Patras 
from June 30th to July 2nd, 2025.

Last year marked the election of our 
new Governing Council. I would like 

to extend my sincere congratulations 
to all members elected to serve in the 
2024–2026 term. I am especially pleased 
to recognize and thank the three mem-
bers —Dr. G. Balasis, Prof. M. Petropou-
lou, and Dr. A. Papaioannou— who were 
reelected for a second term. Their con-
tinued commitment reflects the trust 
and respect they have earned within 
our community.

I also wish to express my appreciation 
to the three outgoing Council members 
— Prof. K. Gourgouliatos, Dr. E. Kou-
louridis, and Prof. K. Tassis. Their long-
standing service and dedication have 
played a vital role in advancing the mis-
sion and impact of the Society.

A special word of thanks goes to our 
outgoing President, Prof. V. Char-
mandaris, whose leadership over the 
past two terms has helped guide the So-
ciety through a period of growth and 
increased visibility, both nationally and 
internationally. His contributions and 
steady leadership are highly valued.

At the same time, I am delighted to wel-
come the three newly elected members 
to the Council —Dr. I. Antoniadis, Prof. 
V. Archontis, and Prof. I. Golias. Their 

Despina Hatzidimitriou
President of Hel.A.S.
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1. �Detecting Gravitational 
Waves in space

The past decade has witnessed the 
birth of Gravitational Wave (GW) As-
tronomy, a transformative field that 
probes the universe’s most cataclysmic 
events through ripples in spacetime. 
The LIGO-Virgo-KAGRA (LVK) collabo-
ration has already detected or issued 
significant alerts for more than 300 
GW events that originated from com-
pact binary coalescences [1, 2]. These 
detections have unveiled a rich popu-
lation of stellar-mass black holes, con-
firmed the existence of neutron star 
mergers with electromagnetic counter-
parts, and tested general relativity in 
extreme gravitational regimes. The sci-
ence output of LVK is so rich and novel, 
that more advanced and more sensi-
tive ground detectors are being under 
development [3, 4]. All this momentum 
is very exciting for our field, because 
we are going to be able to “catch” more 
distant sources, and in a far grater rate 
than current capabilities allow for. At 
the same time, the possibility to study 
binary objects with both Gravitational 
and Electromagnetic (EM) radiation is al-
so going to increase, with immense con-
sequences for astronomy and funda-
mental physics. However, the sensitivity 
curves of even the planned 3rd-gener-
ation detectors, feature a sharp rise of 
the noise at low frequencies of a few Hz, 

which fundamentally prevents us from 
searching for GW signatures with long-
er wavelengths using gound-based de-
tectors. This means that we are essen-
tially “deaf” to GW sources that emit at 
frequencies below this limit or the ear-
ly inspiral phase of compact binaries. 
This form of noise arises predominantly 
from terrestrial factors, such as seismic, 
Newtonian, or thermal noise [5]. While 
many strategies have been devised to 
mitigate them, complete eradication re-
mains unachievable, underscoring the 
complementary role of space-based de-
tectors in exploring massive and cos-
mological GW sources. Such a space-
based observatory is LISA [6], which will 
bypass the low-frequency noise wall to 
access the millihertz range. 
In space, the low-frequency noise wall at 
~1Hz is no longer a problem, and thus 
we will have access to a wealth of new 
astrophysical and cosmological sources. 
A space-base observatory will be able 
to detect the mergers of supermassive 
black hole (SMBH) binaries with masses 
of 105    – 108 solar masses at  high red-
shifts (up to 𝓏 ~ 20), which would es-
sentially be an indirect observation of 
collisions of galaxies that drive SMBH 
growth, thus constraining models of hi-
erarchical galaxy formation and active 
galactic nuclei evolution. At the same 
time it will capture the inspiral phase 
of all the stellar-mass binary systems 
(white dwarfs, neutron stars, and black 
holes) in our own Galaxy, offering a cen-
sus of galactic binaries, which would al-
low us to test different stellar popu-
lation synthesis and galaxy evolution 
models, including the role of dynamical 
interactions in star clusters.
Additionally, LISA will probe extreme 
mass-ratio inspirals (EMRIs), where stel-
lar-mass compact objects orbit SMBHs, 
mapping spacetime around massive 
black holes to test general relativity with 
unprecedented precision. Cosmological 
sources, such as stochastic GW back-
grounds from the early universe (e.g., 
inflation or phase transitions) and hy-
pothetical cosmic strings, are also within 

LISA’s reach, offering insights into phys-
ics beyond the Standard Model. Sensi-
tivity to these diverse sources will revo-
lutionize our understanding of galaxy 
assembly, black hole demographics, 
and the universe’s first moments. Fur-
thermore, the synergy of GW and EM 
observations will unravel compact ob-
ject physics, test fundamental theories, 
and map cosmic evolution, cementing 
GW astronomy’s role as a cornerstone 
of modern astrophysics. This is the new 
kind of science that the field is excited 
with.

1.1	�The Laser Interferometer Space 
Antenna

The concept of the LISA mission first ap-
peared in the early ’80s, and was soon 
refined to the current triangular con-
stellation of three spacecraft [7] (see 
figure 1). During the ’90s, it was slowly 
established as a large joint ESA-NASA 
project, and was presented as a Large 
Class mission concept in the ESA Cos-
mic Vision 2015-2025 programme [8]. 
The road to a space GW telescope was 
initially “bumpy” [9], but after the first 
detection of GWs and the immense suc-
cess of the LISA Pathfinder mission [10–
12], in early 2024 ESA finally adopted the 
mission with NASA as its junior partner 
[6, 13, 14].
LISA is predicted to be a signal-domi-
nated observatory, because it is going 
to detect a large number of overlapping 
GW signals across its sensitivity band. 
At the same time, in contrast to current 
ground-based detectors, LISA will meas-
ure different types of waveform from 
different types of sources, each with 
different duration and spectral shape 
(see figure 2). Thus, the scientific poten-
tial of LISA is expected to be significant 
and impactful and is therefore highly 
anticipated by the community. The rich 
science of LISA is captured by the so-
called Scientific Objectives (SO) of the 
mission, which were defined in the Defi-
nition Study Report [6] published by ESA 
and collaborating institutions.

Gravitational Wave Astronomy  
with LISA. Entering the mHz regime

by Nikolaos Karnesis & Nikolaos Stergioulas 

Department of Physics, Aristotle University of Thessaloniki

Abstract
We explore the transformative po-
tential of the Laser Interferometer 
Space Antenna (LISA) in gravitation-
al wave astronomy and the signifi-
cant role of advanced Bayesian Da-
ta Analysis methods, such as Eryn 
and Erebor, co-developed at the 
Aristotle University of Thessaloni-
ki through ESA PRODEX and MSCA 
grants. We also discuss the current 
status and prospects of the LISA 
community in Greece.
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searchers from the Albert-Einstein-Insti-
tut Potsdam, and APC/CNRS, Paris. Eryn 
is essentially a Reversible Jump MCMC 
(RJMCMC) on steroids. The “reversible” 
part of the algorithm denotes that it is 
capable of sampling both the dimen-
sionality of the problem, as well as the 
parameters of the dynamical model 
(see figure 3). Specifically, Eryn lever-
ages parallel tempering and ensem-
ble sampling to improve convergence 
in high-dimensional spaces, making it 
well-suited for problems that exhibit dy-
namic and complex posterior surfaces. 
Concerning LISA, this capability allows 
us to efficiently explore the vast param-
eter space of overlapping GW sources 
while simultaneously modeling instru-
mental noise, a critical requirement for 
the Bayesian Global Fit scheme.
In general, RJMCMC methods are quite 
challenging to tune, usually resulting 
to a high-rejection rate at each itera-
tion. With Eryn, we alleviate this issue 
by adopting techniques such as Parallel 
Tempering, where multiple chains are 
run in parallel, sampling “tempered” ver-
sions of the likelihood, where with in-
creased temperatures 𝑇 the likelihood 
surface appears more smoothened, and 
therefore easier to explore. The poste-
rior 𝑝𝑇 for temperature 𝑇 is then writ-
ten as 

	 𝑝𝑇 ( 𝜃| 𝑦) ∝  𝑝( 𝑦| 𝜃)1/𝑇  𝑝( 𝜃) ,	 (1)

were 𝑦 is the given dataset, and 𝑝( 𝜃) 
encapsulates any prior information we 
might have for the given parameters 𝜃. 
At every iteration step of the MCMC pro-
cedure, a swap between chains of differ-
ent temperatures is proposed, a tech-
nique which eventually prevents the 
chains to get stuck at local maxima of 
the posterior surface. In addition, each 
tempered posterior is sampled simul-
taneously by multiple MCMC walkers 
following the Ensemble Sampling tech-
nique [16]. We can also use the multi-
ple walkers for building efficient pro-
posal distributions which require mini-
mal tuning from the user. All the above 
improvements allow for more efficient 
search of a very large and dynamical pa-
rameter space such as the one of the 
LISA data ( See figure 4 for an example 
of using Eryn to disentangle multiple 
Gravitational Wave sources). We make 
Eryn available to the community as 
open-source software1.

1.	  https://github.com/mikekatz04/Eryn

(MCMC). Nonetheless, developing ad-
vanced sampling techniques is not the 
main challenge; Robust noise models 
are required in order to disentangle 
overlapping signals and instrumental ef-
fects and ensure accurate source char-
acterization. Furthermore, the success 
of LISA’s science objectives will depend 
on international collaboration to refine 
these methods, leveraging simulated 
data challenges to prepare for the mis-
sion’s launch in the mid-2030s.

1.2	�Trans-dimensional sampling 
methods to the rescue

A significant development towards solv-
ing the Global Fit problem is Eryn [16], 
which was developed with the sup-
port of an ESA PRODEX grant to the 
GW group at the Aristotle University of 
Thessaloniki, in collaboration with re-

However, this abundance of potential 
sources creates a new challenge for 
our data analysis capabilities. The thou-
sands of overlapping signals, together 
with our limited knowledge about the 
instrumental noise, create a situation 
where the data residuals are correlat-
ed with all waveform parameters for 
every type of source. This is only man-
ageable by adopting a Bayesian Glob-
al Fit methodology, where all source 
and instrumental noises are inferred 
simultaneously from the data. This is 
by no means a trivial task, because the 
number of sources is not known a pri-
ori, and therefore a trans-dimensional 
technique is required. Since the param-
eter space is too large for grid-based 
methods, the data analysis effort has 
been concentrating on sampling meth-
ods such as Markov Chain Monte Carlo 

Figure 1: 
A cartoon depicting 
the LISA constella-
tion and the space-
craft orbits. Figure 
from [15].

Figure 2: The LISA sensitivity and the different types of predicted sources. Figure from [6].
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Hole Binaries were recovered with great 
accuracy as expected, due to their high 
signal-to-noise ratio. In summary, with 
Erebor we sampled a  105- dimension-
al parameter space. The creation of 
Erebor was partially supported by the 
Marie Skłodowska-Curie Actions pro-
gramme2.

2. �Current status of LISA and 
the community in Greece

The LISA mission was recently adopted 
by ESA [13], which means that we have 
the green light for the development of 
the actual instruments and various com-
ponents of the observatory. At the same 
time, the LISA Science Team (LST) has 
been formed by ESA [20], which com-
prises experts in different fields relevant 
to LISA science. The LST is responsible 
for overseeing the smooth develop-
ment of the observatory and ensuring 
that the maximum scientific potential 
is returned from the mission.
In addition, ESA and NASA have already 
established the two Ground Segments, 
the Distributed Data Processing Center 
(DDPC) for the European side, and the 
NASA Science Ground Segment (NSGS) 
for the US side. One of the main re-
sponsibilities of the DDPC and NSGS is 
to standardize prototypes, such as Er-
ebor, which will analyze the LISA data 
and produce the final astrophysical cat-
alogues to be published by ESA. Greece 
has already been approved to be part 
of the DDPC, and the effort is led by the 
GW Group at the Aristotle University of 
Thessaloniki. Our contribution focuses 
on AI-powered data analysis algorithms 
for the detection and characterization 
of the various GW signals [16, 17, 21].
In parallel, a coordination of interest-
ed researchers at the national level in 
Greece began in 2022, when the First 
LISA in Greece Workshop [22] took place 
at the Aristotle University of Thessa-
loniki, co-organized with the Hellenic 
Space Center3. Our main speakers in-
cluded ESA and LISA Consortium rep-
resentatives, such as O. Jennrich (LI-
SA Project Scientist), M. Gehler (LISA 
Study Scientist), M. Hewitson (current 
LISA Mission & Performance Manager), 
and A. Petiteau (then chair of Data Pro-
cessing Group), while the national sci-
entific community and Space Industry 
ecosystem were also represented. The 

2.	  MSCA Grant agreement No 101065596.
3.	  https://hsc.gov.gr/

usage of hardware Graphics Process-
ing Units (GPUs). Using GPUs allowed 
us to compute a large number of wave-
forms simultaneously, thus greatly re-
ducing computational resources. This 
setup, together with the versatility of 
Eryn, Which provides a user-friendly 
framework for building efficient propos-
als, even in combination with Machine 
Learning methods [18], allowed us to 
submit an analysis of a Mock LISA Data 
Challenge (see figure 6), and produce 
astrophysical catalogues of the recov-
ered (or resolvable) sources. A total of 
12000 Compact Binary Sources were re-
solved, while all injected massive Black 

1.3	�Erebor: Solving  
the Global Fit problem on GPUs

The modular structure of Eryn was lev-
eraged in the new Global Fit analysis 
pipeline Erebor [17], which is the fruit 
of a collaboration between the Aristot-
le University of Thessaloniki, the Albert-
Einstein-Institut in Potsdam, APC/CNRS 
and NASA, Huntsville. Erebor follows 
the Blocked Gibbs scheme shown in fig-
ure 5, where each type of source is fitted 
almost simultaneously, while the noise 
and residuals are being updated at each 
iteration. A significant improvement in 
the efficiency of the algorithm came af-
ter developing software supporting the 

Figure 3: Example of using trans-dimensional sampling methods in order to recover both 
the unknown number of sources, and their corresponding parameters. The synthetic data 
consist of 25 injected 2D Gaussian pulses in Gaussian noise (left panel). In the right pan-
el the 2D posterior densities for the parameters of the Gaussian peaks that were recov-
ered with Eryn are shown. The crosses mark the “true” injected pulses. Figure from [16].

Figure 4: Fitting for an unknown number of Compact Galactic Binary sources using trans-
dimensional Bayesian methods with Eryn. The total recovered signal (posterior predictive) 
is represented by the magenta band in the bottom panel. Figure from [16].
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rations before the launch of the highly-
anticipated LISA mission. We anticipate 
that LISA will revolutionize the way we 
see our Universe, and we hope that our 
national community in Greece will play 
a significant role in the discoveries that 
will come with our new space-based 
Gravitational Wave observatory.

capabilities in science and technology 
concerning Gravitational Wave Astrono-
my in Space. As a result of this first LISA 
workshop in Greece, several new mem-
bers joined the LISA Consortium, which 
currently undergoes a transformation 
to a new structure.
These are exciting times, because we 
have entered the final period of prepa-

State was represented by the Secretary 
General of Telecommunications & Posts 
from the Ministry of Digital Governance. 
During the meeting, it was made clear 
that a joint national effort to contribute 
to the development and operations of 
the LISA mission can be accomplished. 
A relevant White Paper was published 
[23], which summarizes our national 
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Figure 5: A cartoon of a Global Fit analysis 
strategy, following the Blocked Gibbs scheme 
in Erebor. Each source is analyzed simultane-
ously, while also updating the residual data. 
Figure from [17]

Figure 6: The Erebor Global Fit scheme recovering different types of signals in syn-
thetic LISA data (Compact Galactic Binaries, Massive Black Holes, and stochastic sig-
nals). The two LISA TDI [19] data channels are shown. Figure from [17].
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ising results spurred further develop-
ment, culminating in AresGW model 1 
[17, 18], which marked a significant ad-
vance, allowing us to achieve a compa-
rable or better performance than stand-
ard (nonoptimized for this mass range) 
traditional matched filtering setups.
Building on this foundation, AresGW 
model 2 was recently introduced in [19], 
incorporating several enhancements 
aimed at improving detection robust-
ness and astrophysical interpretability. 
Key aspects include the adoption of a 
logarithmic ranking statistic and the first 
calculation of the astrophysical proba-
bility, 𝑝astro, for candidate events using a 
ML-based pipeline. Applying this model 
to O3 data, we identified eight previous-
ly unreported events, all with 𝑝astro ≥  0.5 
and a cumulative astrophysical proba-
bility of 5.94. This constitutes the first 
instance of new coincident event detections 
by a ML-based algorithm.
Several factors contribute to why these 
events were not reported by other pipe-
lines, yet successfully identified by Ares-
GW model 2, the most significant being 
its distinctive ability to perform a joint 
analysis of time-series data from both 
LIGO detectors, directly yielding a single 
ranking statistic. This allows the model 
to exploit interdetector correlations and 
extract subtle features that may evade 
traditional matched-filtering analyses 
that initially run on individual detectors 
and then search for coincident events.
For conciseness, we adopt the conven-
tion of referring to the most recent ver-
sion — AresGW model 2 — as AresGW 
in what follows. Earlier variants, name-
ly Virgo-AUTH [16] and AresGW model 1 
[17], will be explicitly cited by their re-
spective names.

ing the parameter space available for al-
gorithmic benchmarking and validation. 
As the LVK collaboration moves through 
the fourth observation period (O4) with 
over 200 new significant alerts reported, 
so far, the computational challenges as-
sociated with conventional matched fil-
tering methods — especially for com-
plex systems with spin-precession or 
possible beyond-GR signatures — are 
becoming increasingly evident.
In response, ML approaches have pro-
liferated in the field, especially in glitch 
classification, surrogate waveform mod-
el construction, and rapid parameter 
estimation, as documented in recent 
surveys [12–15]. A notable milestone 
in this context was the Machine-Learn-
ing Gravitational-Wave Mock Data Chal-
lenge (MLGWSC- 1) [16], which estab-
lished a rigorous comparative setting 
for ML-based pipelines, using synthetic 
data sets based on real detector noise. 
In this challenge, the Virgo- AUTH imple-
mentation (a precursor to AresGW mod-
el 2) emerged as the leading algorithm 
to detect binary black hole mergers with 
component masses 𝑚1 and 𝑚2 in the 
range of 7–50 𝑀⊙ , a mass regime that 
encompasses roughly 70% of GWTC-3 
sources [4].
The Virgo-AUTH code was the result of 
the collaboration between members of 
the Virgo Gravitational Waves group at 
the Department of Physics of the Aris-
totle University of Thessaloniki and the 
Computational Intelligence and Deep 
Group at the Informatics Department 
of the same University1. These prom-

1.	  Specifically, the initial version of the code was 
developed primarily by Dr. Paraskevi Nousi (now 
at the Swiss Data Science Center - ETH).

1. Introduction
Gravitational waves (GWs) offer a unique 
observational window into the uni-
verse’s most energetic and cataclysmic 
events. These ripples in spacetime, gen-
erated by the acceleration of massive 
objects such as merging black holes or 
neutron stars, provide a novel probe in-
to the universe’s most violent phenom-
ena. Their detection relies on a combi-
nation of high-precision instrumenta-
tion and increasingly sophisticated data 
analysis strategies, with machine learn-
ing (ML) emerging as a promising tool to 
enhance sensitivity and efficiency in pro-
cessing the growing data volume.
Since the advent of GW astronomy, the 
LIGO-Virgo Collaboration — later joined 
by KAGRA — has completed a series 
of observation runs (O1–O3), yielding 
about 90 confirmed events documented 
in the GWTC catalogs [1–4]. Additional 
detections have been reported by inde-
pendent pipelines in the OGC [5–8] and 
IAS [9–11] catalogs. The bulk of detec-
tions comprises binary black hole merg-
ers; however, rarer neutron star sys-
tems have also been observed, enrich-
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Machine learning is increasingly in-
tegral to gravitational wave astron-
omy, and we highlight AresGW — 
a deep learning algorithm devel-
oped at the Aristotle University of 
Thessaloniki — that achieved the 
first machine-learning-based coinci-
dent detections of eight new binary 
black hole mergers in LIGO O3 data.
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Figure 1: Main features of the 1-D ResNet architecture used in AresGW (see text for details). Figure from [17].
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ford. Furthermore, during training, 40% 
of L1 noise segments were dynamically 
shuffled to further diversify the input 
space and reduce overfitting. We note 
that the data segments used for train-
ing were selected based on three crite-
ria: (i) a minimum segment duration of 
two hours, (ii) high data quality, and (iii) 
exclusion of 10-second windows around 
all GWTC-2 events (as detailed in [16]).
Synthetic signals were injected using 
the IMRPhenomXPHM waveform mod-
el [23], which includes precession and 
higher-order modes. The component 
masses were sampled uniformly from 
7 to 50  𝑀⊙ , with spin magnitudes uni-
formly distributed between 0 and 0.99 
and the directions drawn isotropical-
ly. Other parameters, including coales-
cence phase, polarization, inclination, 
and sky position, were sampled uni-
formly across their respective domains.
Although component masses were sam-
pled uniformly, the resulting chirp mass 
(𝓜) distribution is skewed due to the 
nonlinear relationship between 𝓜 and 
the component masses. As shown in 
Fig. 2, approximately 95% of events fall 
within the 10–40 𝑀⊙ range, which we 
consider to be the effective training range.

2.3	Methodological Enhancements

The latest version of AresGW incorpo-
rates several key enhancements over 
previous iterations [17, 18], building on 
the 1-D ResNet backbone to improve 
classification accuracy and robustness 
in real detector noise. Those improve-
ments include double- precision (FP64) at 
the softmax output layer and the defi-

as a preprocessing step. Originally de-
veloped for non-stationary time-series 
tasks (like financial forecasting), DAIN 
adaptively normalizes input segments 
based on their statistical properties, im-
proving robustness across varying noise 
conditions.
Training follows a curriculum learning 
scheme based on the signal-to-noise 
ratio (SNR) of each training sample. The 
network is first exposed to high-SNR 
signals and gradually trained on weak-
er injections. To reduce computational 
cost, an efficient approximation of the 
SNR is used (see [17] for details). During 
inference, the trained neural network 
simultaneously processes data seg-
ments from both LIGO detectors using 
a 0.1-second sliding window, producing 
a single ranking statistic per segment 
pair to indicate the probability of a grav-
itational wave signal. Triggers within 0.3 
seconds are clustered into single events 
to mitigate redundant detections and 
reduce false-positive rates.

2.2	The Training Dataset

The AresGW training dataset was built 
by injecting synthetic waveforms into 
real noise from the O3a observation pe-
riod, with an equivalent duration of 35 
days, using only coincident data from 
the aLIGO Hanford (H1) and Livingston 
(L1) detectors2. To avoid unintentional 
correlations with known O3 detections, 
the L1 data was randomly time-shifted 
by up to 240 seconds relative to Han-

2.	  Real data released for the O3a/b periods can 
be accessed accessed via the Gravitational Wave 
Open Science Center (GWOSC) [22].

2. The AresGW Code
In recent years, a variety of neural net-
work architectures, including convolu-
tional neural networks, autoencoders, 
and hybrid models, have been tested 
on synthetic data sets to evaluate their 
potential in gravitational wave detection 
(see [12–14] for reviews). Among these, 
the ResNet architecture, first applied to 
synthetic data in real noise in [16, 17], 
has demonstrated state-of-the-art per-
formance for detection tasks, becoming 
the current standard in the field. In the 
following, we detail the design of Ares-
GW’s ResNet model, as well as the asso-
ciated preprocessing pipeline and train-
ing methodology.

2.1	�Residual Network Architecture 
and Training Strategies

Residual neural networks (ResNets) [20] 
use skip connections to facilitate gradi-
ent flow, address vanishing gradients 
and allow effective training of deeper 
models compared to standard convolu-
tional neural networks (CNNs). Greater 
depth has been linked to improved ab-
straction and performance in various 
classification tasks, including signal de-
tection.
Specifically AresGW, uses a 54-layer 1-D 
ResNet architecture designed to clas-
sify 1-second segments from the two 
aLIGO detectors (thus 2 × 2048 sam-
ples) as either noise or containing a sig-
nal, assigning an output value between 
0 and 1 that can be used as a ranking 
statistic. The network comprises 27 re-
sidual blocks, each built from two con-
volutional layers with varying kernel siz-
es. Dimensionality is reduced via strided 
convolutions in blocks 5, 8, 11, 14, and 
17, with corresponding modifications to 
the residual paths. The output of each 
residual block is expressed as:

	 𝐠 = 𝑓(𝐱) + ℎ(𝐱),	 (1)

where 𝑓(𝐱) is a two-layer convolutional 
block and ℎ(𝐱) is either an identity map-
ping or a strided convolution. Each con-
volution is followed by batch normaliza-
tion and ReLU activation. Two final con-
volutional layers reduce the output to 
a two-channel prediction representing 
the binary classification targets. Fig. 1 
illustrates the main features of this ar-
chitecture.
Due to the non-stationary nature of 
the detector noise, Deep Adaptive Input 
Normalization (DAIN) [21] was applied 

Figure 2: Distribution of the training dataset in terms of the chirp mass (𝓜) of each black 
hole binary. Dashed red lines mark reference values at 10 and 40 𝑀⊙. Figure from [19].
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10-year equivalent time-shifted back-
ground. Major GW events and high-SNR 
glitches (SNR > 7.5) were excluded; how-
ever, some residual contamination like-
ly persists, leading to conservative FAR 
estimates.
Fig. 4 shows the direct calculation of the 
FAR for the 6.7 months of coincident O3 
data (from which known events are ex-
cluded) for the three different classes 
of our trigger classification scheme. It is 
evident that triggers classified as Selec-
tive Passband have significantly fewer 
false alarms than the other two classes. 
In addition, removing known glitches us-
ing Gravity Spy significantly reduced the 
FAR even further.

3.1	Astrophysical Probability

The probability that a loud trigger cor-
responds to a real astrophysical event 

AresGW trigger that came within the du-
ration of a known glitch (including an ex-
tra buffer of ±1 second) was excluded, 
substantially improving the characteris-
tics of the noise background.

3. �Statistical Analysis  
of Background  
and Foreground Triggers

To assess the statistical significance of 
GW events, it is essential to estimate the 
background statistics, that is, the rate of 
false alarms expected from noise alone. 
This is commonly accomplished by arti-
ficially time-shifting data from the two 
detectors relative to each other, thereby 
eliminating any true astrophysical co-
incidences while preserving the noise 
characteristics. For the analysis of O3 
data with AresGW, we constructed a 

nition of a logarithmic ranking statistic:

	 ℛ𝑠 = − log10 (1 − ℛ + 10−16),	 (2)

where the small offset prevents diver-
gence as ℛ → 1. Thus, the maximum val-
ue of ℛ𝑠 is capped at 16 due to FP64 pre-
cision limits. To further stabilize detec-
tion confidence, an ensemble-averaged 
ranking statistic <ℛ𝑠> was calculated 
over 5000 time shifts around a candi-
date trigger, using a very small step of 
0.001 seconds.
Furthermore, in the so-called whitening 
stage, where the power spectral density 
is flattened, a 350 Hz low-pass filter was 
applied (the high-pass filter remained at 
15Hz, signifying the rapid loss of sensitiv-
ity at lower frequencies, due to environ-
mental noise). This refinement, applied 
consistently in both training and infer-
ence, improves the sensitivity of the net-
work to GW signals otherwise masked 
by high-frequency noise in the time do-
main. An example of this improvement 
is shown in Fig. 3. The top panel shows 
a short time series, centered around the 
event GW190511_135545 (with SNR = 
7.34 in the Livingston detector). The 
upper frequency cutoff was set by the 
Nyquist frequency, i.e. 1024Hz, and the 
time series appears very noisy. The bot-
tom panel shows the same event, but 
after applying the 350Hz low-pass filter. 
One can now distinguish the gravitation-
al waveform more easily, and this also 
helps the neural network classify such 
segments as containing real signals.
Another significant improvement is the 
introduction of a three-tier classification 
scheme to improve the ranking of re-
al events compared to noise triggers.
Those triggers with an initial ranking sta-
tistic of ℛ𝑠 > 3.5 are re-evaluated with 
low-pass filters of 400 Hz and 500 Hz, 
leading to revised ranking statistics ℛ′𝑠 
and ℛ′′𝑠, respectively. Then, three trigger 
classes are defined (Default Low-Pass, 
Selective Noise Rejection and Selective 
Passband) based on specified empiri-
cal criteria that effectively take into ac-
count e.g. how noisy the time series is 
in the vicinity of the real event. These 
classes are independent and non-exclu-
sive, each characterized by its own false 
alarm rate (FAR) at various values of the 
ranking statistic.
Finally, we remove known glitches from 
the real data, using another deep learn-
ing tool, Gravity Spy [24]. This is a CNN-
based classifier that effectively classifies 
loud noise artifacts with SNR > 7.5 into 
one of several known categories. Any 

Figure 3: Segment from the Livingston detector showing GW190511_135545. Top: 20–1024 
Hz band, obscured by high-frequency noise. Bottom: 20–350 Hz filter reveals the signal 
more clearly. The red dashed line indicates merger time. Figure from [19].

Figure 4: False alarm rate as a function of the ranking statistic ℛ𝑠 for the O3 dataset. FAR im-
proves significantly when applying trigger classification and glitch removal. Figure from [19].
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faces. All final runs used the IMRPhe-
nomXPHM waveform model [23], which 
was also used during AresGW training. 
The posterior results were checked for 
consistency with the Gaussian likelihood 
assumption in Bilby.
In parallel, consistency tests were per-
formed using PyCBC [28]. These includ-
ed enforcing inter-detector timing con-
straints (maximum delay of 10 ms with 
a 5 ms buffer) and applying a 𝜒2 veto to 
test for non-Gaussianity of the residu-
al, when a signal template is subtracted 
from the data. Events that failed these 
checks were flagged as likely glitches.
Furthermore, a reweighted SNR (𝜌) was 
computed for candidate signals, down-
grading it to account for the presence of 
non-Gaussian residuals. The reweight-
ed SNR was computed separately for 
each LIGO detector and then combined 
to yield a network-level statistic as well.

5. �AresGW Performance  
on Known GW Events

To assess its performance, AresGW 
was applied to previously reported GW 
events and compared against the re-
sults of the GWTC [1, 2, 4, 29], OGC [5–8], 
and IAS [9–11] catalogs. Note, however, 
that since AresGW was trained exclu-
sively on LIGO data, this evaluation was 
restricted to periods when both LIGO 
detectors were operational.
The GWTC catalogs, which are con-
structed using multiple independent 
pipelines, include high-confidence de-
tections, each with at least one pipe-
line assigning a probability 𝑝astro > 0.5. 
These detections are based on matched 
filtering pipelines such as pycbc, as 
well as unmodeled burst searches such 
as cWB. The OGC catalogs validated 
known events and contributed addition-
al candidates using matched filtering, 
while the IAS catalogs focused on signals 
in the mass-gap regime, also leveraging 
matched-filter techniques.

5.1	Performance on known O3 events

AresGW was initially evaluated on the 
set of 43 GW events from the GWTC, 
OGC, and IAS catalogs that have chirp 
mass within its effective training range. 
It detected 34 events, the vast majority 
with very high confidence and with as-
trophysical probability consistent with 
published results. Adding the eight new 
events found by AresGW (see below) 
brings the total number of events de-

For the background, we use the func-
tional form:

𝐵̂ (𝑥) = 
�1 + erf � 𝑥

√2
��

𝑁
 − �1 + erf �𝑥min��

𝑁

√2

2𝑁 − �1 + erf �𝑥min��
𝑁

√2	 (7)

where 𝐵(𝑥) is normalized as = 𝐵/𝑅𝑏, with 
𝑅𝑏 denoting the total number of back-
ground events, 𝑁 is a parameter and 
𝑥min defines the minimum threshold 
for valid triggers. For O3 data, we use 
𝑥 = ℛ𝑠 /𝑐 where 𝑐 is a scaling constant. 
Fig. 5 shows the actual cumulative back-
ground distribution of the O3 data, as 
obtained with AresGW, and the corre-
sponding analytical fits.

4. �Parameter Estimation  
and Consistency Tests  
of Candidate Events

The estimation of parameters for can-
didate GW events was carried out us-
ing the Bayesian inference library Bilby 
[25], assuming uniform priors on detec-
tor-frame component masses between 
4𝑀⊙ and 150𝑀⊙ . 𝓜 and mass ratio 𝑞 
were sampled accordingly, and the red-
shift–luminosity distance relation was 
based on Planck15 cosmology [26]. 
When the posterior distributions ap-
proached the edges of the prior range, 
the relevant bounds were expanded to 
ensure proper coverage.
Inference was performed using the 
dynesty nested sampler [27], chosen 
for its efficiency in navigating high-di-
mensional multimodal likelihood sur-

can be estimated as follows. First, we 
calculate the cumulative rate 𝐵(⟨ℛ𝑠⟩) of 
background triggers as an integral of the 
distribution of triggers from a minimum 
value to the maximum value found. 
Then, we calculate the corresponding 
cumulative rate 𝐹(⟨ℛ𝑠⟩) of known re-
al events in the same data. These two 
cumulative rates can be differentiated, 
yielding the differential rates:

	 𝐵(⟨ℛ𝑠⟩) = 𝑑𝐵
𝑑⟨ℛ𝑠⟩

 ,	 (3)

	 𝑓(⟨ℛ𝑠⟩) = 𝑑𝐹
𝑑⟨ℛ𝑠⟩

 .	 (4)

As a final step, the probability that a giv-
en candidate originates from an astro-
physical source is quantified by the ex-
pression:

	 𝑝astro = 
𝑓(⟨ℛ𝑠⟩)

𝑓(⟨ℛ𝑠⟩) + 𝑏(⟨ℛ𝑠⟩)
 .	 (5)

Due to the limited duration of the ac-
tual O3 dataset, we smooth out statis-
tical flucuations by adopting analytical 
models for the cumulative rates 𝐵(⟨ℛ𝑠⟩) 
and 𝐹(⟨ℛ𝑠⟩). We calculate the cumula-
tive foreground rate 𝐹(⟨ℛ𝑠⟩) using a 
large number of injections of simulated 
signals into O3 noise and found that it 
agrees with a power- law of the form:

	 𝐹(𝑥) = 𝑎 (𝑥 − 𝑥min)𝑏,	 (6)

where 𝑥 = ℛ𝑠 , with parameters 𝑎 and 
𝑏 different for each trigger class. Nota-
bly, the same exponents extracted for 
the 𝐹(ℛ𝑠) distribution for the simulated 
signals led to accurate fits of 𝐹(⟨ℛ𝑠⟩) for 
the actual O3 signals, for all three class-
es, validating our approach.

Figure 5: Background distribution of the O3 data, for the different classes of our classifi-
cation scheme. In all three cases, there is good agreement with our analytical background 
model of Eq. (7).
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model correctly identified five out of 
six O2 events in its effective training 
range and recovered GW150914 from 
O1, almost all with the highest possi-
ble ⟨ℛ𝑠⟩ = 16. FAR and 𝑝astro estimates 
for these cases will be the focus of fu-
ture work.
A key reason behind this robustness is 
likely AresGW’s use of whitening and 
DAIN, which allow it to effectively pro-
cess data with varying noise character-
istics, such as those from Virgo or earli-
er LIGO runs, without requiring retrain-
ing. These results support the potential 
of the algorithm for a wider application 
in multiple observing runs, including 
the ongoing O4 period, where the de-
tector sensitivity has improved further.

naturally incorporating detector coin-
cidence, unlike other pipelines that ini-
tially apply independent thresholds per 
detector and then check for coincidence 
between the two detectors.

5.2	�Generalization to Virgo  
and O1 & O2 data

To evaluate AresGW’s ability to gener-
alize to different noise environments, 
we also analyzed data from the Virgo 
detector in combination with either H1 
or L1. Of the eight O3 events listed in 
GWTC that involved Virgo, four were 
assigned a high-ranking statistic (⟨ℛ𝑠⟩ 
≥ 5.6), indicating promising sensitivity. 
We also tested AresGW on data from 
earlier O1 and O2 observing runs. The 

tected by AresGW to 42.3 Notably, Ares-
GW also identified 10 events that fall 
outside its effective training range, with 
high confidence, highlighting its general-
ization capability. This performance sug-
gests that expanding training to cover a 
larger range of masses will allow the de-
tection of even more signals.
Overall, AresGW shows exceptional sen-
sitivity within its effective training range, 
identifying both known and new events 
with high confidence. This likely reflects 
its training strategy, which uses simul-
taneous data from both LIGO detectors 
to compute a unified ranking statistic, 

3.	  The highest number of detections for other, 
non-optimized, single pipelines in this mass range 
was 37.

Figure 6: Spectrograms of the eight new gravitational wave detections found with AresGW.
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6. �New Gravitational-Wave 
Candidates Discovered  
by AresGW

In addition to recovering previous pub-
lished GW signals, AresGW also discov-
ered eight new candidate events with 
astrophysical probability 𝑝astro ≥ 0.5. To 
further assess the credibility of these 
detections, we analyze their astrophys-
ical significance and inferred source 
properties. We note that all of our eight 
new GW detections were subsequently 
verified by an independent parameter 
estimation study; see [30].

6.1	Establishing detection confidence

The false alarm rate for each detection 
was derived using analytical fits spe-
cific to each classification category. In 
particular, candidates in the Selective 

Passband category achieved significant-
ly lower FARs, between one and two or-
ders of magnitude lower compared to 
the default class, highlighting the effec-
tiveness of our classification scheme in 
distinguishing real signals from noise. 
The Qp-transform [31] spectrograms 
shown in Fig. 6 reveal that the newly 
identified candidates display the expect-
ed chirp-like features typical of compact 
binary coalescence signals. In the ab-
sence of hierarchical classification, re-
viewing these signals would have re-
quired a manual inspection of several 
hundred triggers. However, the combi-
nation of the classification scheme and 
glitch filtering significantly reduced this 
workload: only 22 noise triggers in the 
Selective Passband category were mis-
classified as events, while the Selective 
Noise Rejection and Default Low-Pass 

categories contained 39 and 76 such 
false positives, respectively4.
Fig. 7 illustrates the relationship be-
tween 𝑝astro and FAR for all events. 
AresGW results are shown in blue, 
while those from other pipelines are 
shown in orange. As is evident, the val-
ues obtained by AresGW fall within the 
overall range of previously published 
results. Fig. 8 illustrates the relation-
ship between ℛ𝑠 and the network SNR 
across three categories: simulated in-
jections (light blue circles), previous-
ly published detections (dark blue cir-
cles) and newly identified detections 
(red circles).
The general trend observed for the in-
jections is described well by a sigmoid-

4.	  Trigger counts are reported after applying 
glitch suppression.

Figure 8: 
Ranking statistic vs. op-
timal network SNR for 
injections (light blue), 
known events (dark 
blue), and new AresGW 
candidates (red). The 
green curve is a sig-
moid fit to the injection 
data. Figure from [19].

Figure 7: 
Astrophysical probabil-
ity vs. false alarm rate. 
AresGW results are 
shown in blue, while 
those from other pipe-
lines are shown in or-
ange. Newly detected 
events with AresGW are 
marked with '×'. Figure 
adapted from [19].
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Table 1 Parameter estimation for new AresGW detections.

# Event Name GPS Time
𝓜

(𝑀⊙) 𝑞 𝑚1
(𝑀⊙)

𝑚2
(𝑀 ⊙)

𝐷L
(Mpc) 𝜒𝑒𝑓𝑓

SNR
(H1)

SNR
(L1)

SNR 𝜌̂
(network)

1 GW190511 125545 1241614563.77 28.95+9.45
−6.86 0.72+0.25

−0.36 40.7+16.2
−10.5 28.2+11.6

−11.2 3707 +3471
−2173 0.23+0.25

−0.29 2.29 7.34 7.29

2 GW190614 134749 1244555287.93 25.97+16.59
−6.20 0.70+0.27

−0.36 37.0+31.8
−10.7 25.2+15.2

−9.7 6551 +9562
−3558 0.05+0.34

−0.34 3.51 6.08 7.02

3 GW190607 083827 1243931925.99 30.48+7.21
−4.68 0.78+0.19

−0.29 40.5+12.0
−7.6 31.0+9.1

−8.2 4928 +2725
−2435 0.01+0.26

−0.30 4.04 7.29 8.33

4 GW190904 104631 1251629209.01 21.24+5.76
−4.40 0.64+0.31

−0.33 31.3+14.5
−8.5 19.7+7.1

−7.2 5614 +4441
−2864 0.05+0.30

−0.37 4.50 4.88 6.64

5 GW190523 085933 1242637191.44 23.82+10.24
−7.95 0.49+0.45

−0.32 41.7+19.3
−15.5 19.4+14.6

−10.5 6091 +6613
−3702 0.42+0.31

−0.45 3.48 5.14 6.02

6 GW200208 211609 1265231787.68 18.83+4.68
−3.18 0.69+0.28

−0.40 26.9+14.6
−6.3 18.0+6.4

−6.9 3669 +3413
−1985 0.01+0.37

−0.37 4.75 6.22 7.83

7 GW190705 164632 1246380410.88 27.21+7.34
−5.24 0.52+0.41

−0.32 44.7+24.8
−12.8 23.0+11.7

−9.8 5692 +4030
−2863 0.29+0.26

−0.34 4.42 6.88 8.11

8 GW190426 082124 1240302101.93 17.93+4.12
−3.42 0.45+0.45

−0.28 31.5+22.5
−11.3 13.8+6.9

−5.2 3213 +4555
−1573 −0.01+0.39

−0.50 5.15 4.46 6.41

like function, and the new AresGW de-
tections are within the spread of injec-
tions and previously known events.
Finally, Table 1 summarizes key inferred 
parameters for the eight newly report-
ed events. The chirp mass 𝓜, the mass 
ratio 𝑞, the individual masses 𝑚1 and 
𝑚2, the luminosity distance 𝐷𝐿 and the 
effective spin 𝜒𝑒𝑓𝑓 are shown. The re-
weighted network SNR for all events is 
in the range 6.2 to 8.3, the chirp mass is 
in the range 18-20 𝑀⊙, the mass ratio is 
in the range 0.45-0.78, and the luminos-
ity distance is in the range 3.6-6.5 Gpc. 
The table includes the 90% confidence 
intervals.

7. Conclusions and Outlook
AresGW, a ResNet-based deep learn-
ing algorithm developed at the Aristo-
tle University of Thessaloniki, has dem-
onstrated a transformative potential in 
advancing gravitational wave astrono-
my by achieving the first machine learn-
ing-based coincident detections of eight 
new binary black hole mergers in LIGO 
O3 data, paving the way for more effi-
cient and sensitive GW searches.
The latest version, AresGW model 2, 
incorporates several advancements: 
a larger training dataset, double-pre-
cision computation, a 350 Hz low-pass 
filter for both training and inference, 
glitch removal using Gravity Spy, and 
a refined ranking statistic. In addition, 

new frequency and noise filters group 
triggers into three classes — Default 
Low-pass, Selective Noise Rejection, 
and Selective Passband. The latter two 
apply tailored filtering strategies, with 
Selective Passband including high- fre-
quency cut-offs (400–500 Hz), resulting 
in false alarm reductions of at least 70% 
and 90%, respectively, compared to the 
default setup.
Trained on BBH mergers within O3a LI-
GO data (𝑚1, 𝑚2 ∈ (7𝑀⊙ , 50𝑀⊙ ), 𝓜 ∈ 
(10𝑀⊙ , 40𝑀⊙)), AresGW model 2 suc-
cessfully identified 34 of 43 known sig-
nals within range. Missed detections 
corresponded to events with low astro-
physical probabilities (𝑝astro ≤ 0.63) in 
the original catalogs. Beyond its training 
range, it recovered 10 high-confidence 
events (𝑝astro ≥ 0.99), demonstrating 
strong generalization. The model also 
found 8 new BBH events, bringing its 
total in-range detections to 42, making 
it the most effective pipeline for this pa-
rameter range.
Moreover, AresGW model 2 performed 
effectively on Virgo data combined with 
one LIGO detector, without retraining. 
Similarly, on the O1 and O2 data, it vali-
dated all but one known event within 
its effective training range without ad-
ditional tuning. Operationally, AresGW 
model 2 runs with high efficiency, ana-
lyzing a month of data in under 150 min-
utes on an NVIDIA RTX A6000; nearly 300 
times faster than real time, positioning it 

well for future low-latency alert systems.
Looking ahead, planned enhancements 
include adapting to different detector 
configurations, improving glitch rejec-
tion, and extending the model to addi-
tional astrophysical sources like neutron 
star mergers, supporting broader mul-
timessenger efforts in upcoming obser-
vation runs.
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— operation is limited to clear, moon-
less nights, and the field of view is rel-
atively narrow — the technique is re-
markably powerful. Running instru-
ments achieve angular resolution at 
the arcminute scale, energy resolution 
of 15–20%, and sensitivities sufficient to 
detect sources as faint as 1% of the Crab 
Nebula’s flux in about 50 hours of expo-
sure. For strong flares, detections can be 
made within minutes.

2. �From Pioneering Flashes 
to a Flourishing Field

The Cherenkov technique is now almost 
75 years old, and we are currently in its 
third generation of instruments. The 
first milestone came in 1953 with the 
successful detection of Cherenkov light 
from cosmic-ray showers [1]. The sec-
ond generation of telescopes, such as 
HEGRA, CAT, and Whipple, marked sig-
nificant progress, thanks mainly to the 
introduction of more pixels in the cam-
era to better reconstruct the properties 
of the cascade, and to the combination 
of multiple telescopes for stereoscopic 
imaging of the cascades. TeV astronomy 
was truly born in 1989, when the Whip-
ple 10-meter telescope detected its first 
TeV source: the Crab pulsar wind nebu-
la [2]. In these early years, the number 
of known sources remained small. The 

current instrumentation, is of the or-
der of 0.1 square kilometers — orders 
of magnitude larger than the collecting 
area of space-based detectors. There 
are however several challenges. First, 
Cherenkov flashes are extremely faint 
and last only few nanoseconds. Cheren-
kov telescopes therefore require large 
mirrors to collect enough light, ultra-
sensitive cameras capable of detect-
ing single photons, and fast electronics 
to trigger on such short-lived signals. 
The second challenge comes from Na-
ture itself: not only gamma rays, but 
also the much more abundant cosmic 
rays (mainly protons, light nuclei, and 
electrons) can trigger air showers that 
produce Cherenkov light. Fortunately, 
hadronic cascades have a more irreg-
ular and broader structure than elec-
tromagnetic ones, and we can thus 
develop algorithms to efficiently com-
pute the probability that a given image 
is ‘gamma-like’. Finally, the detector—
the atmosphere—is not under our con-
trol, and its properties are not perfectly 
known. To infer the properties of the in-
coming gamma ray from the observed 
cascade, we rely heavily on computa-
tionally intensive Monte Carlo simula-
tions, modeling the atmospheric condi-
tions and the cascade developments as 
accurately as possible.
Despite the observational constraints 

1. �Looking at the Sky  
with Cherenkov Light

Gamma-ray astronomy offers a unique 
window into the non-thermal Universe, 
populated by a variety of exotic objects 
often inaccessible to classical optical ob-
servations. At the highest energies, we 
uncover a world of black holes, neutron 
stars, relativistic jets, and shock waves. 
Beyond the thrill of discovery, the pleas-
ure of seeing new objects and phenome-
na for the first time, this field also allows 
us to test the laws of physics at energies 
that cannot be probed on Earth. There 
is a real possibility that this window on-
to the Universe could help us break the 
Standard Model, our current framework 
for fundamental physics, and guide us 
toward the next one.
“Gamma-ray” is a general term for pho-
tons with energies greater than those 
of X-rays (E > 100 keV). What began as 
“classical” gamma-ray astronomy has 
now extended over nine orders of mag-
nitude in energy. We speak of high-en-
ergy gamma rays (100 MeV to 100 GeV, 
GeV astronomy), very-high-energy gam-
ma rays (100 GeV to 100 TeV, TeV astron-
omy), and ultra-high-energy gamma rays 
(above 100 TeV — PeV astronomy). The 
difference in energy between a 1 MeV 
and a 1 PeV gamma-ray is the same as 
between an X-ray photon and a GHz ra-
dio wave, showing by how much we ex-
panded the available observing window.
While MeV and GeV gamma rays are 
best observed from space, the most 
efficient way to study energies above 
10 GeV is from the ground—using the 
Earth’s atmosphere as a detector. When 
a gamma-ray photon interacts with air 
molecules, it initiates a particle cascade 
(electron-positron pairs), which can trav-
el faster than the speed of light in air 
(v > c/n), emitting Cherenkov radiation. 
TeV observatories are essentially large 
optical telescopes that image this Cher-
enkov light.
This indirect observing technique has a 
major advantage: the effective area is 
defined by the portion of atmosphere 
seen by the telescopes, which, with 

Exploring the extreme Universe: 
the TeV window and CTAO
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Figure 1: Artistic rendering of Cherenkov flashes observed by CTAO telescopes. Credit: CTAO
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the central region of the Milky Way. 
H.E.S.S. observations have revealed that 
our Galaxy is full of TeV emitters, includ-
ing the existence of many ‘dark’ gamma-
ray sources, without clear counterparts 
[6]. Remarkably, there exists a point-like 
TeV source coincident with Sgr A*, the 
supermassive black hole at the center of 
the Milky Way. The TeV emission from 
Sgr A* appears to be non-variable, and 
its spectrum reaches tens of TeV with-
out any hint of a cut-off. This could in-
dicate that cosmic rays of PeV energies 
are accelerated by, or near, the super-
massive black hole [7].

Blazars

All instruments have detected intense 
gamma-ray flares from blazars with vari-
ability timescales of just a few minutes 
[8,9,10]. From simple causality argu-
ments (R/c < t), this implies emitting re-
gions smaller than the size of the event 
horizon of the central black hole — un-
less the emitting region in the jet is mov-
ing with extremely high Lorentz factors 
(Γ ~50 or more). In addition, very-high-
energy photons have been observed 
from Flat-Spectrum Radio Quasars, bla-
zars characterized by bright optical/IR 
photon fields (from the accretion disk, 
the Broad-Line Region, and the torus), 
indicating that the emitting region must 
be located far from the black hole in or-
der to avoid absorption via pair produc-
tion on those fields [11].

nants, pulsars, star clusters, molecular 
clouds illuminated by cosmic-rays, gam-
ma-ray binaries, micro-quasars, novae, 
and superbubbles, produce TeV pho-
tons. Outside of our galaxy, in addition 
to blazars we have also detected radio-
galaxies, starburst galaxies, and gam-
ma-ray bursts. Remarkably, several of 
the TeV sources remain unidentified, 
without a clear counterpart at lower 
energies. In a little more than 20 years, 
TeV astronomy has evolved from a niche 
field to an essential component of high-
energy astrophysics, providing comple-
mentary insights to lower energy instru-
ments such as X-rays and GeV gamma-
ray telescopes, as well as higher energy 
instruments such as LHAASO that are 
sensitive up to the PeV band.

3. �Recent Highlights:  
What the TeV Sky  
Has Taught Us

The last decade has been especially 
fruitful, with a number of groundbreak-
ing discoveries that demonstrate the sci-
entific impact of TeV observations. The 
following list is obviously biased due to 
the space limitation, but it shows some 
examples of the revolution brought for-
ward by H.E.S.S., MAGIC and VERITAS

The Milky Way and Sgr A*

H.E.S.S. is uniquely placed in the South-
ern Hemisphere, with a direct view of 

field was new, and each detection was 
a groundbreaking discovery. Among the 
early milestones were the first detec-
tions of extragalactic sources — Mrk 421 
and Mrk 501 — establishing blazars as 
TeV emitters [3, 4].
The field took a major leap forward with 
the advent of third-generation instru-
ments: H.E.S.S., MAGIC, and VERITAS.

•	� H.E.S.S. is an array of five Cherenkov 
telescopes in Namibia. The original 
four 12-meter telescopes began op-
erations in 2004; a fifth, 28-meter tel-
escope was added in 2012.

•	� MAGIC consists of two 17-meter tele-
scopes on the Canary island of La Pal-
ma, operating in stereoscopic mode 
since 2009.

•	� VERITAS is an array of four 12-meter 
telescopes located in Arizona, at the 
Whipple Observatory, operational 
since 2007.

These arrays brought higher sensitivity, 
better angular resolution, and broad-
er energy coverage compared to their 
predecessors. Combined with improved 
data analysis techniques and machine 
learning algorithms, they revealed a sur-
prisingly rich TeV sky.
Thanks to H.E.S.S., MAGIC, and VERITAS, 
more than 250 sources have been dis-
covered at TeV energies [5]. In addition 
to pulsar wind nebulae, we now know 
that in our Milky Way supernova rem-

Figure 2: Artistic rendering of CTAO–North with LST-1 on Far Left. Credit: CTAO
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an open observatory: time will be allo-
cated through a peer-reviewed proposal 
process, and data will be made public af-
ter a proprietary period. Analysis tools 
and user support will be provided, sig-
nificantly lowering the barrier to entry 
for non-experts. The goal is to make TeV 
data as accessible as optical or X-ray da-
ta. Non-experts can already get familiar 
with Gammapy [20], the official analysis 
tool and the first open CTAO data chal-
lenge is expected for next year.

5. �An Invitation  
to Greek Astronomers

If you study compact objects, transients, 
star-forming regions, or even cosmol-
ogy and physics beyond the Standard 
Model — CTAO has something to offer. 
Its capabilities span many domains: 
from probing the mechanisms of par-
ticle acceleration and jet propagation, 
to constraining models of dark matter 
annihilation. It will bridge observations 
across the electromagnetic spectrum, 
and connect with neutrino and gravita-
tional wave detectors.
TeV astronomy has completed its jour-
ney from small collaborations trying to 
catch faint blue flashes in the sky, to a 
coordinated, global observatory that 
gives access to the TeV window to eve-
ryone in the world. So, whether you are 
a long-time gamma-ray enthusiast or 
a newcomer, you can start already by 
playing with the Gammapy software, at-
tending the CTAO science symposia, and 
if you are a student, joining one of the 
upcoming doctoral schools [21]. CTAO 
is only few years away, to be your gate-
way to the extreme Universe. Πρὸς τὰ 
ἄστρα!

4. �CTAO: A New Era  
for Ground-Based  
Gamma-Ray Astronomy

The future of Cherenkov astronomy 
is bright, and brings the name of the 
Cherenkov Telescope Array Observato-
ry (CTAO). Coming from the fusion of the 
three collaborations that built H.E.S.S., 
MAGIC, and VERITAS, it is designed to be 
the worldwide flagship observatory for 
TeV astronomy in the coming decades. 
It will offer an order-of-magnitude im-
provement in sensitivity over current in-
struments, with wider energy coverage, 
larger field of view, and better angular 
resolution [18, 19].
CTAO will be composed of two arrays: 
CTA-North on the Canary island of La 
Palma (Spain), close to the MAGIC site, 
and CTA-South in Paranal (Chile). It will 
be composed of telescopes of different 
sizes, to maximize the energy coverage: 
Large-Sized Telescopes (LSTs) for low en-
ergies (20–200 GeV), Medium-Sized Tel-
escopes (MSTs) for the core 100 GeV–10 
TeV range, and Small-Sized Telescopes 
(SSTs) optimized for the highest ener-
gies (above 10 TeV). The southern site 
will host MSTs and SSTs, focusing on the 
highest energies (although there are dis-
cussions ongoing to also add LSTs at the 
southern site), while CTA-North will fea-
ture LSTs and MSTs, focusing on extra-
galactic sources. The first of the CTA-
North telescopes (LST-1) is already tak-
ing data, and the four LSTs are expected 
to be installed by the end of the year. By 
the beginning of the next decade, CTAO 
will be fully operational as the most sen-
sitive gamma-ray instrument worldwide.
Arguably the biggest change in the TeV 
community is that CTAO will operate as 

Pulsars

Pulsed very-high-energy emission has 
been observed from several pulsars. 
MAGIC and VERITAS detected pulsed 
emission from the Crab pulsar extend-
ing beyond 100 GeV, up to nearly 2 TeV 
[12, 13]. Subsequently, H.E.S.S. discov-
ered a new spectral component in the 
spectrum of the Vela pulsar, with pulsed 
emission at several TeV [14], spectrally 
distinct from the GeV component seen 
by Fermi-LAT.

Gamma-ray-bursts

Gamma-ray bursts (GRBs) are power-
ful explosions, originally detected in the 
low-energy gamma- ray band (hundreds 
of keV). They are known to produce GeV 
photons, but for many years it was un-
clear whether they could reach TeV ener-
gies. Their detection with Cherenkov tel-
escopes has been challenging due to the 
limited field of view of the instruments 
and the rapidity of these transient events. 
It required, in addition to continuous im-
provements in the instrument response 
to alerts and fast repointing capabilities, 
a lot of trials — and some luck. The first 
TeV GRBs were detected by MAGIC and 
H.E.S.S. a few months apart [15,16]

Neutrino counterparts

In 2017, the IceCube Neutrino Observa-
tory detected a ~290 TeV neutrino coin-
cident in direction and time with the bla-
zar TXS 0506+056. MAGIC and Fermi-LAT 
confirmed a gamma-ray flare from the 
source, marking the first multi-messen-
ger identification of a potential cosmic 
neutrino source [17]. While still below 
the 5-sigma significance threshold, this 
event highlighted the power of joint ob-
servations across messengers.
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detection of LIFs, estimation of impact 
temperatures, and derivation of physi-
cal properties (mass, size) of the impact-
ing meteoroids. The mid-to-long-term 
goal was to determine the flux densi-
ty of these objects in near-Earth space, 
characterized by size distribution and 
impact frequency.

Site, telescope and cameras
NELIOTA operates the largest telescope 
globally dedicated to the detection of lu-
nar impact flashes — the Kryoneri tele-
scope  (Fig. 1), situated on Mt. Kyllini in 
the Peloponnese at an altitude of 930 m. 
This instrument is a 1.2 m prime-focus 

TrAnsients (NELIOTA) project in 2015 at 
the National Observatory of Athens, in 
parallel with other efforts by the NASA 
Marshall Space Flight Center (Suggs et 
al. 2014) and the MIDAS project (Madie-
do et al. 2015a, 2015b) in Spain. The 
project initially involved telescope up-
grades, software development, and sys-
tem validation. Lunar monitoring obser-
vations commenced in February 2017 
and continued through January 2021. 
In June 2021, the NELIOTA team inte-
grated into ESA’s Consolidating Activities 
Regarding Moon, Earth, and NEOs (CAR-
MEN) initiative, with operations extend-
ing through mid-August 2023. The short-
term objectives of NELIOTA included the 

Introduction
Lunar impact flashes (LIFs) are pro-
duced by relatively large meteoroids, 
typically in the centimeter-to-decime-
ter size range. Such objects are consid-
ered among the most hazardous due 
to their kinetic energy and potential to 
cause observable optical phenomena 
from Earth. In contrast, the majority 
of meteors detected in Earth’s atmos-
phere originate from smaller particles; 
only those that result in bolides or fire-
balls are comparable in size to the me-
teoroids responsible for LIFs. However, 
such high-energy atmospheric events 
are rarely recorded from a single obser-
vational site, given the limited sky cov-
erage (~6×10⁴ km²), necessitating ex-
tensive observational networks for ad-
equate monitoring.
Meteors and LIFs involve fundamental-
ly different physical processes. Meteors 
undergo ablation due to atmospheric 
friction, enabling analysis of parameters 
such as entry velocities, orbital origins, 
and potential meteorite survival. LIFs, 
on the other hand, occur in the absence 
of an atmosphere. The Moon, with its 
vast impact area (~1.9×10⁷ km² on the 
near side), provides an ideal natural lab-
oratory for studying the flux and char-
acteristics of larger meteoroids and as-
teroids. Meteoroids directly impacting 
the lunar surface have their kinetic en-
ergy partitioned into (a) thermal energy 
that heats the target material, (b) kinet-
ic energy transferred to the ejecta, and 
(c) mechanical energy for crater exca-
vation. The thermal component leads 
to the emission of visible light — mani-
festing as the impact flash.
LIF observations are essential for de-
riving the size-frequency distribution 
of meteoroids and have direct impli-
cations for spacecraft risk assessment 
for both satellites and crewed missions 
and planning for future lunar infrastruc-
ture. For these reasons, the European 
Space Agency (ESA) initiated the Near-
Earth objects Lunar Impacts and Optical 

NELIOTA: The long-term  
monitoring campaign for lunar impact 

flashes and meteoroid characterization
by Alexios Liakos and Alceste Bonanos

Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens

Figure 1. The Kryoneri Observatory building (left) and the 1.2 m telescope (right). 

Figure 2. Left: The prime focus instrument of the Kryoneri telescope with the two sCMOS 
ZYLA 5.5 cameras (grey devices) attached on the dichroic beam splitter. The light-green-
black device is a CCD camera that is used for other projects. Right: The performance of the 
optical system (dichroic, filters, zyla cameras) of Kryoneri telescope taking into account the 
Quantum Efficiency (QE; blue solid line) of the cameras, the transmittance of the R and I fil-
ters (red and green solid lines, respectively) and the dichroic (black dashed and dot dashed 
lines). The dichroic is centered at 730 nm with a throughput greater than 90%. The figure 
is from Xilouris et al. (2018). 
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ed into apparent magnitudes using the 
calibration data from standard star ob-
servations. Due to the heterogeneous 
lunar background and glare from the il-
luminated lunar region, standard photo-
metric techniques were not directly ap-
plicable. Instead, photometry was per-
formed on background-subtracted “dif-
ference images” and optimal aperture 
settings were selected for both impact 
flashes and standard stars observed in 
temporal proximity. Final magnitude es-
timates for LIFs were calculated using 
the Pogson relation.
All validated and suspected LIF detec-
tions were uploaded within 24 hours 
to the project’s public archive (https://
neliota.astro.noa.gr/) via the NELIO-
TA-ARC software. The data were made 
openly available for both scientific re-
search and educational outreach. An 
example of a LIF detection is illustrat-
ed in Fig. 3.

Methods for determining 
physical parameters
The NELIOTA project provided the first 
observational evidence enabling direct 
temperature estimation of LIFs. By si-
multaneously measuring the emitted 
flux in two photometric bands (R and I), 
it was possible to derive the tempera-
ture of each flash through compari-
son of intensities in these wavelengths. 
Assuming black-body radiation, each 
temperature corresponds to a specific 
R‑to-I flux ratio. Instrumental fluxes for 
both the LIF and a nearby standard star 
were recorded and the known R and I 
magnitudes of the standard star were 
used to convert instrumental values in-

aged by dedicated software developed 
for the project, NELIOTA-OBS. This soft-
ware automated the nightly observation 
plan, including lunar chunk scheduling, 
standard star acquisition, and calibra-
tion imaging. It also generated metada-
ta for each observation and managed 
real-time data archiving.
Post-acquisition data were processed 
using NELIOTA-DET, a custom pipeline 
for calibration, background subtraction, 
and impact event detection. The pipe-
line employed a time-weighted back-
ground subtraction algorithm, in which 
frames preceding a given image con-
tributed to a background model with 
higher weight given to the most recent 
frames. The residual image was then 
scanned for sources exceeding a prede-
fined threshold. When ten or more con-
tiguous pixels surpassed this threshold, 
the corresponding frame, along with the 
seven preceding and seven succeeding 
frames, were archived for further in-
spection. Frames from both cameras 
were stored regardless of which chan-
nel initially triggered the detection. An 
additional tool within NELIOTA-DET en-
abled spatial localization of candidate 
events through cross-referencing ob-
served lunar features with a high-reso-
lution lunar atlas.
Candidate events were reviewed by an 
expert analyst who assessed each de-
tection following the validation flow-
chart established in Liakos et al. (2020). 
Each event was classified as either 
(a) validated, (b) suspected, or (c) spuri-
ous (e.g., cosmic ray hits, satellite glints).
Aperture photometry was applied to all 
validated and suspected events to de-
rive photon fluxes, which were convert-

reflector with an f/3 focal ratio. The lu-
nar monitoring setup employs two iden-
tical front-illuminated scientific CMOS 
(sCMOS) cameras (Andor Zyla 5.5), each 
offering a resolution of 2560×2160 pix-
els and a pixel size of 6.48 μm (Fig. 2).
The optical path is divided into two 
spectral channels — below and above 
730 nm — using a dichroic beam split-
ter. A focal reducer positioned before 
the dichroic shortens the effective fo-
cal length to 3.36 m, yielding an effec-
tive focal ratio of f/2.8. This configura-
tion results in a field of view of approxi-
mately 17.0 × 14.4 arcmin². Each camera 
is mounted at the end of one of the split 
optical paths and is fitted with Johnson-
Cousins photometric filters. Specifically, 
the first camera is equipped with a red 
(Rc) filter, centered at λR = 641 nm, while 
the second camera uses a near-infrared 
(Ic) filter, centered at λI = 798 nm (Fig. 2).

Observations  
and data reduction
Observations were conducted during lu-
nar phases between 10% and 45% illu-
mination, targeting the night-side of the 
Moon’s Earth-facing hemisphere. The 
upper illumination limit was defined by 
increased background noise due to scat-
tered light from the sunlit portion of the 
lunar surface. Typically, the Moon was 
observed on 4 to 8 nights per month, 
divided into two observing windows be-
fore and after the new Moon. Observing 
sessions ranged from 30 min to approxi-
mately 5.5 h, depending on lunar eleva-
tion (limited to elevations >10°). Obser-
vations commenced 20 min after sunset 
during the waxing phase and concluded 
20 min before sunrise during the wan-
ing phase. The NELIOTA setup covered a 
projected lunar surface area of approxi-
mately 3 × 10⁶ km².
Each observation session was segment-
ed into 15-min intervals (“chunks”). 
Standard photometric stars were ob-
served before and after each chunk for 
magnitude calibration of the LIFs. The 
twin cameras operated simultaneously 
in the R and I photometric bands, ac-
quiring data at 30 frames per second 
in 2×2 binning mode, resulting in a spa-
tial resolution of ~0.8 arcsec per pixel. 
Each exposure lasted 23 ms and was fol-
lowed by a 10 ms readout interval. The 
cameras were synchronized to within 
6 ms, with absolute timing accuracy bet-
ter than 9 ms.
Data acquisition and storage were man-

Figure 3. Example of a LIF detection indicated by the red arrow in both cameras by the 
NELIOTA project. The lower images are successive frames of this specific LIF in the I band 
showing its rapid magnitude decrease.
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in the 17–24 km s–¹ range was used for 
sporadic events. The meteoroid mass 
was then computed using the standard 
kinetic energy equation.
The radius of the impacting meteoroid 
was estimated from its mass, assuming 
a bulk density. For meteoroids associ-
ated with streams, density values were 
adopted from Babadzhanov & Kokhiro-
va (2009), who reported average den-
sities for meteoroids from ten major 
streams, based on their parent bodies. 
For sporadic meteoroids, a standard 
bulk density of 1.8 g cm–³ was assumed. 
The meteoroid radius was then calcu-
lated using the standard mass–densi-
ty–volume relationship. Expected crater 
sizes were subsequently estimated us-
ing the scaling law developed by Gault 
(1974); see also Melosh (1989).

Results

Between February 2017 and mid-Au-
gust 2023, the NELIOTA campaign re-
corded a total of 192 validated and 103 
suspected LIFs over a cumulative ob-

al. 2000a,b; Ortiz et al. 2006; Moser et 
al. 2011; Swift et al. 2011; Bouley et al. 
2012; Suggs et al. 2014; Madiedo et al. 
2015b, 2017, 2018, 2019).
A major source of uncertainty in esti-
mating meteoroid mass is the assump-
tion of both impact velocity and lumi-
nous efficiency. For meteoroid streams, 
impact velocities are well constrained 
from meteor shower observations. 
However, for sporadic meteoroids, the 
velocity can vary significantly — typically 
between 17 and 24 km s–¹. Consequent-
ly, associating detected LIFs with known 
active meteoroid streams significant-
ly reduces this uncertainty, leading to 
more reliable parameter estimates. To 
investigate potential associations, the 
methodology of Ortiz et al. (2015) and 
Madiedo et al. (2015a,b) was applied. 
If an impact could be linked to a mete-
oroid stream, the impact velocity was 
assigned the corresponding value from 
literature (e.g., Hughes 1987; Jenniskens 
1994; Bellot Rubio et al. 2000; Brown et 
al. 2002, 2010; Madiedo et al. 2015b). 
Otherwise, a representative value with-

to calibrated fluxes for the flash. From 
this, the R–I flux ratio — or color index 
— was determined. Applying Planck’s 
black-body radiation law, the tempera-
ture of the LIF was then calculated. In 
cases where the LIF was detected across 
multiple frames in both bands (Fig. 4), its 
thermal evolution was also tracked, ena-
bling derivation of cooling curves (Fig. 5).
The luminous energy Elum of the flashes 
was calculated using a widely adopted 
method (e.g., Suggs et al. 2014; Madiedo 
et al. 2018), based on the stellar lumi-
nosity formula adapted to LIFs. This ap-
proach utilizes the observed flux within 
a defined wavelength interval around a 
central wavelength and converts it in-
to luminosity following the method of 
Bessell et al. (1998a,b). The total energy 
in each band was computed from the 
apparent magnitudes of the flash, and 
the kinetic energy of the meteoroid was 
subsequently derived by assuming a lu-
minous efficiency (η) — the ratio of lu-
minous to kinetic energy — ranging be-
tween 5 × 10–4 and 5 × 10–3, with a typical 
value of 1.5 × 10–3 (e.g., Bellot Rubio et 

Figure 4. Light curves in R and I bands of a LIF. Figure 5. Temperature curve of a multi-frame LIF. 

Figure 6. 
Statistics of the validat-
ed lunar impact flash-
es (top panel) and the 
monthly hours of obser-
vations (bottom panel) of 
the NELIOTA campaign be-
tween Feb. 2017 and mid-
Aug. 2023. During this pe-
riod, 192 validated flashes 
were detected within 283.4 
hrs of observations. 
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serving time of 283.4 hours (Fig. 6). The 
magnitude distributions of these events 
in both observed bands are presented 
in Fig. 7. Among the validated LIFs, 65% 
had durations exceeding 33 ms in the 
I band, allowing the construction of 125 
light curves. Furthermore, 30 validated 
LIFs were detected in multiple frames 
in both filters, enabling analysis of their 
thermal evolution.
The spatial distribution of the detected 
LIFs on the lunar surface is illustrated 

in Fig. 8. Observations deliberately ex-
cluded the polar regions, which consist-
ently include parts of the lunar termina-
tor, leading to image saturation and el-
evated background levels. Instead, the 
focus was on the eastern and western 
hemispheres. Slightly more detections 
were made in the western hemisphere, 
a consequence of marginally longer ob-
serving times there, attributed to obser-
vational chance. This indicates that LIF 
detection is independent of the hemi-

sphere observed, suggesting that me-
teoroid impacts are uniformly distrib-
uted across the lunar surface. NELIO-
TA’s detection rate for sporadic mete-
oroids ranges from 0.6 to 0.9 LIFs per 
hour (based on validated and combined 
validated/suspected events), while for 
meteoroid streams, the rate increases 
to 1–1.9 LIFs per hour. When normalized 
to the effective lunar surface area ob-
served, these rates correspond to 1.96-
2.81 LIF h–¹ km– ² for sporadic impacts 
and 3.32-6.14 LIF h–¹ km–² for stream-
associated impacts.
Using this dataset, empirical relation-
ships were derived linking meteoroid 
mass to the peak magnitudes of the re-
sulting LIFs (Fig. 9), offering a practical 
tool for estimating meteoroid masses in 
future observations, provided the same 
(R or I) filters are used. An important re-
sult from the analysis is the absence of 
correlation between meteoroid mass 
and impact temperature, regardless of 
impact location. Additionally, no signif-
icant correlation was found between 
meteoroid size and peak temperature, 
despite the potential influence of con-
tact surface area. These findings sug-
gest that the flash temperature is large-
ly independent of, or possibly even an-
ticorrelated with, the mass and size of 
the impacting projectile.
The distribution of peak temperatures 
for validated LIFs, along with estimat-
ed temperatures for suspected events, 
is shown in Fig. 10. A significant frac-
tion (45.8%) of validated flashes exhib-
ited peak temperatures between 2500 
and 3500 K, while 84.9% fell within the 
2000‑4500 K range. Only 3.6% of events 
had peak temperatures below 2000 K, 
and 11.5% exceeded 4500 K. For suspect-
ed flashes, peak temperature estimates 
— derived from inferred R-band magni-
tudes — peak between 1500 and 2000 K 
and should be considered upper limits.
The derived meteoroid mass distribu-
tion, assuming a luminous efficiency of 
η = 1.5 × 10–³, is also presented in Fig. 10. 
The calculated masses range from ~2 g 
to ~2.7 kg, with the majority (60.4%) be-
low 100 g and distributed evenly in 25 g 
bins. A total of 76.6% of meteoroids had 
masses less than 200 g, and 88% were 
under 400 g. As expected from the mass–
magnitude relation, suspected LIFs are 
associated with significantly small-
er masses, typically under 50 g. Corre-
sponding projectile radii — again assum-
ing η = 1.5 × 10–³ — ranged from 0.7 to 
6.95 cm (Fig. 10). Most validated mete-

Figure 7. Magnitude distributions of the 192 validated lunar impact flashes in R and I bands 
detected throughout the NELIOTA campaign. Our setup, due to the size of the telescope 
mirror, is able to validate lunar impact flashes up to approx. 12th magnitude in the R band.

Figure 8. Locations of lunar impact flashes detected by the NELIOTA campaign between 
2017-2023. Crosses and filled circles denote the validated and the suspected flashes, re-
spectively. Different colors denote association of the projectiles with active meteoroid 
streams. Image was taken from Liakos et al. (2024).
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(a)

(c)

(b)

(d)

oroids (69.8%) and nearly all suspected 
ones had radii less than 3 cm. For con-
text, this size range spans from that of 
a two-euro coin (2.575 cm diameter) to a 
tennis ball (6.54 cm). Only 1.5% had radii 
under 2.8 cm (comparable to a one-euro 
coin), while 11.9% measured between a 
tennis ball and a baseball (6–8 cm), and 
just 4.1% approached the size of a shot-
put sphere (~13 cm diameter). The asso-
ciated kinetic energies of these meteor-
oids spanned 1–200 MJ. Using the Gault 
(1974) scaling law (see also Melosh 1989), 
crater sizes resulting from these impacts 
were estimated assuming a 45° impact 
angle. For validated flashes, crater diam-
eters range from 1 to 6 m, with a pro-
nounced peak between 1.5 and 2 m, also 
seen in the suspected events.
Assuming homogeneous meteoroid flux 
across the lunar surface — and by ex-
tension the Earth — appearance fre-
quencies for both sporadic and stream-
related meteoroids were extrapolated 

to lunar and near-Earth space (Fig. 11). 
These appearance rates were then used 
to estimate the probability of meteor-
oid impacts on hypothetical lunar in-
frastructure or satellites. The analysis 
considered varying target sizes, from a 

small structure (30 m²) to a large facility 
the size of a football field (8000 m²). The 
resulting probabilities, shown in Fig. 12, 
depend solely on the effective target ar-
ea and the corresponding impact fre-
quency, independent of orbital altitude.

Figure 9. Correlations between peak magnitudes in R (left panel) and I (right panel) pass bands and meteoroid masses for η=1.5×10−3 (Lia-
kos et al. 2024). The assumed velocities are indicated next to each fitting curve.

Figure 10.  
Distributions of 
masses (a) and 
radii (b) of the 
meteoroids, the 
peak tempera-
tures of the im-
pacts (c), and the 
dimensions of 
formed craters 
(d) as calculated 
from the analysis 
of lunar impact 
flashes from NE-
LIOTA (Liakos et 
al. 2024).  

Figure 11. Appearance frequency distributions of meteoroids around Earth up to an altitude 
of 36000 km. Black and red lines denote the sporadic and the stream meteoroids, respec-
tively. Solid lines correspond to the frequencies based on only the validated flashes, while 
dashed lines are those that are based on the validated and suspected flashes. Vertical solid 
lines indicate the boundaries of the mesosphere, LEO, MEO, and GEO zones. Vertical dashed 
lines indicate satellite crowed orbit zones. The image was taken from Liakos et al. (2024).
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NELIOTA campaign has yielded a substan-
tial dataset, further observations are es-
sential, especially during peak meteoroid 
stream activity, to enhance the statistical 
robustness of our conclusions.
Looking ahead, the ESA-funded mission 
Lunar Meteoroid Impact Observer (LUMIO) 
is scheduled for launch in 2027 (Cipriano 
et al. 2018; Topputo et al. 2018, 2023). 
The authors of this article are actively 
involved in LUMIO as members of two 
working groups on the mission’s science 
team. Like the NELIOTA system, LUMIO 
will employ a dual-camera setup with a 
dichroic beam splitter, observing in both 
the visible and near-infrared bands at a 
frame rate of 10–20 frames per second. 
It will monitor the dark side of the Moon 
for approximately 15 days per month, 
focusing on periods when lunar illumi-
nation is below 50%.
While LUMIO is expected to detect hun-
dreds of LIFs, its position at the Earth–
Moon L2 point does not fully resolve ob-
servational limitations associated with 
subradiant points of meteoroid streams. 
Moreover, due to its opposition geome-
try relative to Earth, LUMIO will observe 
the Moon during different lunar phases 
than those visible from ground-based 
stations. For these reasons, we empha-
size that ground-based LIF monitoring 
from multiple geographical locations 
remains essential. Such efforts are not 
only complementary to LUMIO, but also 
critical for maintaining continuous cov-
erage and resolving stream-related ob-
servational asymmetries.

Through its extended observational time-
line and technological capabilities, NELI-
OTA has significantly advanced our un-
derstanding of both LIFs and correspond-
ing meteoroids. Observations concluded 
in mid-August 2023 following the com-
pletion of the program’s funding cycle. 
However, after the positive evaluation of 
a proposal submitted to the European 
Space Agency (ESA), the operations of the 
programme will resume within summer 
2025 and will last for three years. In ad-
dition to continuing the monitoring cam-
paign, we strongly advocate for estab-
lishing coordination between observers 
of meteors, fireballs, bolides, and LIFs — 
particularly during meteor showers. Such 
collaborative efforts would be especially 
valuable for constraining the luminous 
efficiency of LIFs, a key parameter in en-
ergy and mass calculations. Although the 

Discussion  
and future of LIFs
For 6.5 years, NELIOTA monitored the 
Moon for LIFs using the 1.2-meter Kry-
oneri telescope — currently the largest 
telescope in the world dedicated to this 
type of observations. This project stands 
as the longest-running systematic cam-
paign for LIF detection to date, having 
produced a vast dataset exceeding 215 
terabytes of lunar imagery. The large ap-
erture of the Kryoneri telescope enabled 
the detection of LIFs up to two magni-
tudes fainter in the R band compared to 
previous efforts (e.g., the NASA Meteor-
oid Environment Office campaign). Ad-
ditionally, the dual-band observational 
approach allowed for robust statistical 
analysis of the temperatures associated 
with meteoroid impacts.
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enhancement of several MeV electron 
fluxes. This scenario was, later, proved 
to be the acceleration mechanism of 
ultra-relativistic electrons (3-5 MeV en-
ergy range) during the mid-April of 2017 
event [Katsavrias et al., 2019b]. From 
all the above, it is clear that the result-
ing electron acceleration, during each 
event with concurrent ULF and chorus 
activity, is the cumulative effect of lo-
cal heating and inward radial diffusion. 
In addition, the relative contribution of 
the two mechanisms is possibly energy 
dependent.
The current state of the art in relativistic 
electron radiation belt models for oper-
ational needs come in two flavours — a 
“nowcast” based on data assimilation 
of relevant and timely measurements 
(such as used in Meteorology or Ocean-
ography) into a physics based model, 
and limited “forecasts’’ based on statis-
tical forecasts of indices or solar wind 
parameters that govern the dynamics 
in physical models. The preferred di-
rection to follow would naturally be the 
logical chain of prediction, i.e., from the 
emergence of an unstable structure at 
the surface of the Sun, to its impact on 
the Earth’s magnetosphere and its in-
duced perturbations along commer-
cial satellite orbits. Nevertheless, the 
prediction of solar dynamics, is still in 
an “embryonic state”, while the provi-
sion of real time in situ measurements 
in key regions of the magnetosphere 
(as well as in the solar wind and close 
to the Sun) is something currently not 
available in Europe at all and limited to 
NOAA-GOES data at geosynchronous 
orbit only in the North America. 

The FARBES project 
In order to overcome these limitations, 
the FARBES project (https://www.farbes.
eu/) aims at developing a framework 
that will allow the provision of action-
able information on future high-energy 
electron (“killer electron”) environments 
for spacecraft operators, based on easi-

From an applied physics perspective, 
radiation belt particles constitute a 
threat to satellites orbiting Earth due 
to their high energies and their confine-
ment location near frequented satellite 
orbits. To give a sense of just how en-
ergetic these particles are, an electron 
with 1 MeV energy near geosynchro-
nous orbit moves with a speed close to 
the speed of light; it completes an orbit 
around the planet, covering a total dis-
tance of approximately 240.000 km, in 
less than 20 minutes. These particles 
can be dangerous for human endeav-
ours in space, causing damage to sen-
sitive spacecraft components — rightly 
earning the reputation of “satellite kill-
ers” — and to biological tissue. Numer-
ous works have investigated the effect 
of geospace disturbances and storms 
on the radiation belt electron popula-
tion [Reeves et al., 2003; Turner et al., 
2015; Katsavrias et al., 2019a]. Regard-
less of the individual results of these 
studies, all of them have argued that 
the outcome of a given geospace dis-
turbance on the outer belt dynamics is 
the result of a delicate interplay of the 
various acceleration and loss mecha-
nisms. Regarding acceleration, the most 
important mechanisms are inward ra-
dial diffusion via drift-resonance of 
electrons with Pc4-5 Ultra Low Fre-
quency (ULF) waves (frequency range 
1–22 mHz) or local acceleration of elec-
trons via gyroresonance with whistler 
mode chorus waves (frequency range 
0.1fce to 0.8fce, where fce is the electron 
gyrofrequency). Several case studies 
[e.g. Li et al., 2016; Ma et al., 2016; Liu 
et al. 2018] have shown that the rela-
tive contribution of each mechanism to 
the electron energization is highly event 
specific and have, moreover, highlight-
ed the energy–dependent radial extent 
of the electron population. On the other 
hand, Jaynes et al. [2015] proposed that 
ULF waves, through enhanced inward 
radial diffusion of relativistic electrons 
in the 1-2 MeV energy range, can lead to 

Introduction 

Τhe term “Space Weather” has gained 
a lot of publicity in recent years 

mainly because, in the general pub-
lic, it is associated with disturbances 
in the Earth’s magnetic field, the so-
called “Geomagnetic Storms”. Howev-
er, space weather is an entire field of 
research into phenomena in the solar 
system caused by extraordinary solar 
activity (coronal mass ejections, flares, 
fast solar wind flows, interaction re-
gions, etc.). This extraordinary solar 
activity (or solar storms) often leads to 
sequences of severe disturbances of 
the upper atmosphere and near-Earth 
space environment that can damage 
modern technology on the ground and 
in space (satellite systems, telecommu-
nications, navigation systems, terrestri-
al power generation networks). There-
fore, space weather prediction requires 
the detailed description of a system-of-
systems, including the Sun, the solar 
wind and the Earth’s magnetosphere 
[Kepko et al., 2024]. 
The past couple of decades, special in-
terest has been given to the predic-
tion of the variability of the outer ra-
diation belt electron population. Ra-
diation belts are torus-shaped plasma 
environments confined by planetary 
magnetic fields and which are continu-
ously driven away from a state of local 
thermodynamical equilibrium due to 
energy-momentum deposition from the 
solar wind. Earth’s radiation belts sus-
tain a wide range of plasma instabilities 
that mimic collisions and thermalize the 
plasma. These plasma instabilities re-
sult in a broad spectrum of fluctuations 
that accelerate particles to relativistic 
energies on timescales of a few hours 
to a few days. With electron energies 
spanning almost seven orders of mag-
nitude, and reaching as high as sever-
al MeV, the Earth’s radiation belts are 
the closest natural laboratory, in which 
charged particles are accelerated close 
to the speed of light [Daglis et al., 2019]. 
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eral ground magnetometers spaced 
out in both longitude and latitude, 
but the FARBES nowcasting setup is 
limited to an almost meridional line 
that cuts across Europe from north 
to south (EMMA (European quasi-
Meridional Magnetometer Array), 
from Norway to Italy, plus ENIGMA 
(HellENIc GeoMagnetic Array) in 
Greece). Considering previous ob-
servations on the coherence of ULF 
waves across different longitudes 
during storm times [Dimitrakoudis 
and Mann 2019] a statistical study 
was undertaken to quantify the ex-
pected longtitudinal difference in 
measurements for different local 
times, so that measurements from 
that line of magnetometers can be 
used for the continuous supply of 
DLL values to models that require 
them.

•	� Validation of Radiation Belt mod-
el using ground-based drivers and 
Scenario-based predictions. The fi-
nal step is to incorporate the im-
proved VLF and ULF wave environ-
ment along with the appropriate ini-
tial and boundary conditions to in-
fer the initial state of the forecast. 
Therefore, FARBES will address the 
challenge of improving the reli-
ability of the proxies used to drive 
Salammbô by exploiting ground-
based measurements, while also 
keeping an estimate of the uncer-
tainty induced during simulations. 
Finally, the nowcast will be con-
stantly refined during an event by 
the ongoing availability of real-time 
model inputs, thus overcoming the 
need for data assimilation using of-
ten unavailable in situ data. 

The FARBES project has received fund-
ing from the European Union’s Horizon 
Europe research and innovation pro-
gramme under grant agreement No 
101081772. It is a continuation of im-
portant previous efforts such as: the 
FP7-MAARBLE project (2011-2014), and 
the H2020-SafeSpace project (2020-
2022), both led by the Space Physics 
Group of the National and Kapodistri-
an University of Athens. 

er radiation belt can undergo gyro 
resonant interaction with various 
magnetospheric wave modes in-
cluding whistler-mode VLF chorus 
outside the plasmasphere and whis-
tler-mode hiss inside the plasma-
sphere. The result of this process 
can be energization and precipita-
tion of the energetic electrons by 
pitch angle or energy scattering. 
The calculation of the correspond-
ing diffusion coefficients requires 
the wave power of these waves at 
the wave-particle interaction re-
gion. This is available only for cer-
tain locations and times from in si-
tu measurements of recent science 
missions (Van Allen Probes, ERG 
missions) and not in real-time. In 
Farbes, the derivation of the wave 
power will be based on comparison 
of measured in-situ and ground VLF 
wave power.

•	� Improved Radial Diffusion Coeffi-
cients for Radiation Belt Modelling. 
Aligned with the overall philosophy 
of the project, these are driven by 
data from ground sources which are 
expected to be available and main-
tained into the near term. Recent-
ly, it was shown how, especially at 
ultra-relativistic energies where the 
impacts of VLF chorus and hiss ac-
celeration and loss are very slow 
[Mann et al., 2016], that the overall 
structure of the belt can be repro-
duced using accurate knowledge of 
the radial diffusion coefficients, DLL. 
Whilst there are statistical models 
for DLL which are available as func-
tions of L (L*) and solar wind or geo-
magnetic indices such as Kp [e.g., 
Brautigam and Albert, 2000; Oze-
ke et al., 2014], a much better ra-
diation diffusion specification can 
be obtained by using ground-based 
observations of ULF wave power 
and mapping it into the equatorial 
plane [e.g., Mann et al., 2016]. More 
specifically, radial diffusion can be 
broken down into separate terms 
stemming from either electric (or 
electrostatic) or magnetic (or elec-
tromagnetic, depending on the for-
mulation) drivers. The electric term 
in space can be derived from mea-
surements of the geomagnetic field 
on the ground, and this is the ap-
proach we follow here (following 
Ozeke et al. [2009] and Ozeke at al. 
[2012]). This normally requires sev-

ly sustainable ground-based drivers and 
measurements with the most-likely sce-
nario based forecast of the radiation 
belt dynamics. The steps are as follows:

1.	� Accurate initial state specification of 
both environment and drivers us-
ing readily available real-time inno-
vative ground-based input param-
eters, driving state-of-the-art diffu-
sive radiation belt models (current 
now-cast).

2.	� Then the forecast methodology is 
based on prediction scenarios of 
subsequent behaviour of a few key 
quantities of interest to spacecraft 
operators:

	 a.	� Time to most severe environ-
ment

	 b.	� Most severe flux to be reached

	 c.	� Time to the end of the on-going 
event

3.	� Finally, recursively evolve the pre-
dictions as the event unfolds us-
ing up-to-date initial conditions 
and drivers to update the scenario-
based predictions.

The “current now-cast” is provided 
by the Salammbô radiation belt mod-
el [Beutier and Boscher, 1995]. The 
Salammbô model developed at ONERA 
belongs to this physics-based catego-
ry and is mature enough to be used as 
a forecast tool. Indeed, all the physical 
processes acting and driving the dynam-
ics of the radiation belts are taken into 
account and have recently been validat-
ed against Van Allen Probes, POES and 
GOES data. Nevertheless, its fidelity de-
pends on the availability and accuracy 
of several inputs, such as: a) the out-
er boundary condition (magnetopause 
boundary and injected distribution from 
the plasma sheet), b) the background 
plasma density, c) the amplitudes of 
natural waves and their distribution 
(Chorus, Hiss, EMIC), d) the amplitude 
and distribution of radial diffusion co-
efficients and e) the low energy bound-
ary condition. To that end, FARBES ob-
jectives include the provision of accu-
rate inputs to drive the Salammbo mod-
el and produce prediction scenarios of 
the subsequent radiation belt behavior.

The FARBES objectives 
In detail, FARBES objectives include:

•	� Specification of in-situ natural wave 
environment from ground based VLF 
data. Energetic electrons in the out-
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Multiple lines of evidence from both 
the massive star and supernova 

communities are pointing to violent, epi-
sodic mass-loss events being responsi-
ble for removing a large part of the en-
velope of massive stars, especially in 
low-metallicity galaxies. Episodic mass 
loss, however, is not understood theo-
retically, neither accounted for in state-
of-the-art models of stellar evolution, 
which has far-reaching consequences 
for many areas of astronomy. The goal 
of ASSESS was to determine the role of 
episodic mass loss in the evolution of 
the most massive stars by conducting 
the first extensive, multi-wavelength 
survey of evolved massive stars in the 
nearby Universe. The target selection 
was based on the fact that mass-losing 
stars form dust and are bright in the 
mid-infrared. ASSESS aimed to (i) derive 
physical parameters of a large sample 
of dusty, evolved massive stars and es-
timate the amount of ejected mass, 
(ii) constrain evolutionary models, (iii) 
quantify the duration and frequency of 
episodic mass loss as a function of me-
tallicity.
ASSESS developed a photometric classi-
fier, i.e. a machine-learning algorithm, 
based on existing multi-band photom-
etry and applied it to luminous sourc-
es in ~26 nearby galaxies, yielding re-
liable classifications of over 275,000 
dusty sources in 21 nearby galaxies1,2. 
ASSESS also conducted a large spectro-
scopic survey of dusty, evolved stars in 
nearby galaxies spanning a range of me-
tallicity, resulting in the largest catalog 
of evolved massive stars (185 stars) be-
yond the Local Group3,4, including 129 
low-metallicity red supergiants, 3 new 
luminous blue variables and 6 new su-
pergiant B[e] stars5. We investigated the 
different temperature scales of RSG, i.e. 
those based on TiO lines measured in 
the optical vs. atomic lines measured 
in the near-IR and derived a scaling re-
lation that translates one to the other. 
We also found substantial changes in 

ASSESS – Episodic Mass Loss in Evolved  
Massive Stars: Key to Understanding  

the Explosive early Universe (9/2018 – 8/2024) 
by Alceste Bonanos

Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens

Figure 1: ASSESS fields and priority tagets (green stars) in M83, observed with the VLT.

Figure 2: ASSESS team members in June 2023 (L to R). Front row: Stephan de Wit, Evangelia 
Christodoulou, Alceste Bonanos, Stella Avgousti. Back row: Gonzalo Munoz-Sanchez, Grigo-
ris Maravelias, Kostas Antoniadis, Manos Zapartas.
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•	� The machine-learning photometric 
classifier that we have developed is 
novel and its application has yielded 
a dataset that will be very valuable 
for research within the massive star 
community and beyond.

•	� The newly derived mass-loss rates 
for red supergiants are extremely 
valuable for producing accurate stel-
lar evolution models. We expect that 
our new mass-loss prescription for 
red supergiants will be widely used.

•	� The detailed study of two extreme 
red supergiants has provided great 
insight and advanced our knowledge 
for these objects, paving a way for-
ward to understanding the physics 
governing these extreme evolution-
ary states.

•	� The catalogs of spectroscopical-
ly classified massive stars in both 
southern and northern galaxies are 
made available to the community for 
further use.

mass-loss rate, underwent a never-seen 
before transition to the blue in 2013-
201412, which has implications for the 
‘red supergiant problem’ and the Hum-
phreys-Davidson limit.
The ASSESS team has been awarded 
44 h on FORS2/VLT to obtain spectra of 
over 900 stars in ten southern galaxies 
and 67 h (partially completed) on OSI-
RIS/GTC to obtain spectra of 90 prior-
ity stars in 3 northern galaxies. The cat-
alogs of massive stars and their prop-
erties are publically available. We also 
obtained observations with the Magel-
lan telescopes over 10 hours and with 
EMIR/GTC to investigate the tempera-
ture scale and spectral variability of lu-
minous and dusty red supergiants. The 
results of this project were presented 
in 41 scientific publications (36 of which 
are in peer-reviewed journals and 5 are 
conference proceedings), 15 conferenc-
es, 11 workshops and 6 seminars.
ASSESS has advanced our knowledge of 
episodic mass loss beyond the state of 
the art: 

the spectral types (i.e. effective temper-
atures) of >10% of our RSGs6, providing 
evidence for episodic mass loss and an 
estimate on the occurrence rate. 
ASSESS for the first time measured pre-
cise and accurate mass-loss rates using 
the largest-ever sample of red super-
giants in the Magellanic Clouds7,8, find-
ing enhanced mass loss at luminosities 
above log(L/Lo)~4.5, and lower rates by 
2-3 orders of magnitude, compared to 
the mass-loss relations applied in evo-
lutionary models. Furthermore, we ap-
plied four empirical mass-loss rate pre-
scriptions to stellar evolutionary mod-
els and found that no prescription can 
explain all the observational constraints 
for red supergiants9. We highlight the 
extreme (in luminosity and radius) red 
supergiant [W60] B9010 in the Large Ma-
gellanic Cloud (LMC), which is a massive 
analog of Betelgeuse, exhibiting 3 dim-
ming events, as well as evidence for a 
bow shock11. Finally, we discovered that 
WOH G64, a red supergiant in the LMC 
boasting the highest luminosity and 
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This breakthrough matters far beyond 
our Galaxy. Polarized dust masks the 
faint signal of the cosmic microwave 
background (CMB), the afterglow of the 
Big Bang. PASIPHAE’s 3D maps prom-
ise to peel back that Galactic veil, bring-
ing us closer to detecting the CMB’s po-
larized fingerprint — a potential key to 
understanding cosmic inflation and the 
laws of gravity at the Universe’s birth7.
The groundwork is laid. The technology 
is real. The veil is lifting. 

area of the full Moon — offers the most 
detailed three-dimensional reconstruc-
tion of Galactic magnetic fields ever as-
sembled6.
An interactive visualization webpage 
(https://pasiphae.science/visualization) 
now allows users to fly through these 
mapped regions, exploring stars, dust 
clouds, and their magnetic threads in 
full three-dimensional context. It’s a 
new way of seeing the Milky Way — not 
as a flat field of stars, but as a layered, 
dynamic medium shaped by magnetic 
forces.

Six years ago, PASIPHAE began as a 
bold idea: map the magnetic skel-

eton of our galaxy by decoding the po-
larization of starlight. Today, it stands on 
the brink of delivering on that promise.
Funded in part by a European Research 
Council Consolidator Grant which con-
cluded in May 2024 and a grant by the 
Stavros Niarchos Foundation, PASIPHAE 
(Polar-Areas Stellar-Imaging in Polariza-
tion High-Accuracy Experiment)1 is now 
entering its most ambitious phase. A 
global collaboration — spanning Greece, 
India, the U.S., South Africa, and Nor-
way — has built the tools, the algo-
rithms, and the infrastructure needed 
to chart the Milky Way’s invisible mag-
netic highways. The wide-field polarim-
eters (WALOPs), now in final testing2, 
will go on-sky this year at observatories 
in Crete and South Africa. When they 
do, they will deliver high-accuracy meas-
urements of stellar polarization across 
vast swaths of the northern and south-
ern sky.
PASIPHAE isn’t just building instruments. 
The team has already completed a full 
suite of data-processing algorithms3, 
released an open-source toolkit for 3D 
magnetic field tomography4, and devel-
oped a legacy catalog of high-precision 
stellar polarimetric standards5. The first 
map — covering a region 15 times the 

Six Years Through the Galactic Veil:  
PASIPHAE’s Breakthrough Moment

by Konstantinos Tassis

University of Crete and IA-FORTH

Figure: First 3D tomographic map of the Galactic magnetic field from PASIPHAE pilot ob-
servations.
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The 17th Hellenic Astronomical Conference

The Hellenic Astronomical Conference, organized by the Hellenic Astronomical Society (Hel.A.S.), is the major scientific 
event of the greek astronomical community. The Conference, which takes place every two years in a different part of 

Greece, typically brings together over 100 scientists with research interests in Astrophysics, Planetary Science and Space 
Physics.

The 17th Conference of Hel.A.S. will take place in Patras, from June 30 to July 2 2025.

Invited plenary speakers (confirmed):

•	� Didier Queloz 
Professor of Physics at the Cavendish Laboratory, University of Cambridge, UK / EHT Zurich – Nobel Prize in Physics 2019

•	� Dimitrios Psaltis  
(J. H. Seiradakis Lecturer), Professor of Physics at the Georgia Institute of Technology

•	 �Iannis Dandouras 
Director of Research, CNRS, Τοulouse, Midi-Pyrénées

•	� Andy Bunker 
Professor of Astrophysics at the University of Oxford

•	� Marica Branchesi 
Professor of Physics at the Gran Sasso Science Institute, Department of Astroparticle Physics, L'Aquila, Italy



HIPPARCHOS
The Hellenic Astronomical Society Newsletter Volume 3, Issue 2

ISSN: 1790-9252

Back issues of Hipparchos
Hipparchos is the official newsletter of the Hellenic Astronomical Society. It is distributed by post to the members of the society. 
You can download back issues from: http://www.helas.gr/news.php

HIPPARCHOS
The Hellenic Astronomical Society Newsletter Volume 3, Issue 1

ISSN: 1790-9252

HIPPARCHOS
The Hellenic Astronomical Society Newsletter Volume 3, Issue 7

ISSN: 1790-9252

1993-2023

HIPPARCHOS
The Hellenic Astronomical Society Newsletter Volume 3, Issue 8

ISSN: 1790-9252


