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Abstract 

Solar and stellar flares are bursts of electromagnetic energy emission observed across the 
radio to X-ray and gamma-ray bands. They are generally believed to be driven by the same 
underlying physical processes. Key information about these processes is encoded in flare 
light curves: the rise phase decodes the information about the energy-release processes; in 
contrast, the decay phase is mainly produced by conductive and radiative cooling. At the 
same time, many observed flares contain quasi-periodic pulsations (QPP) on top of a flare 
trend, which are not explained by the standard flare model. The QPP-formation mechanisms 
vary from repetitive reconnection to modulation of plasma emission by MHD waves. It is 
expected that each mechanism should generate QPP with its own properties. It means that 
QPP may be used to probe these processes in flares. Thus, the deviations of flare light curves 
from the standard flare model are of great interest. Motivated by this, we address the 
problem of detecting deviations from the standard flare scenario using an anomaly 
detection framework. We assume that flare light curves following a standard profile 
represent normal behaviour and train a Deep Support Vector Data Description (Deep SVDD) 
model on 45,000 synthetic flare profiles with imposed noise. The trained model embeds 
normal data within a hypersphere in a 64-dimensional feature space, while anomalous 
events lie outside it. Based on this representation, we introduce a Flare Anomaly Index 
(FLAI) and classify events into three categories: normal data (ND), weak anomalies (WA), 
and strong anomalies (SA). We apply the model to white-light flares observed by Kepler and 
X-ray flares observed by STIX in the 4–10 keV and 15–25 keV bands. In the Kepler dataset, 
33.8% of events are classified as ND, 36.2% as WA, and 30.0% as SA. For STIX, 15.2% and 
14.8% of events fall into WA and SA in the low-energy band, while the high-energy band 
shows a different distribution: 42.5% ND, 25.5% WA, and 32.0% SA. Overall, the proposed 
Deep SVDD framework provides an effective starting point for large-scale flare data mining 
and systematic identification of events that deviate from standard flare models. 
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Abstract 

A specific aspect of space weather that remains poorly understood is the exchange of 
information from space to the ground through the ionosphere.  A central component of this 
process involves understanding how current systems such as field-aligned currents transfer 
energy and momentum between the magnetosphere and the ionosphere. 
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Abstract 

The study of coronal rain and other cool materials observed in the Sun’s upper atmosphere 
is becoming increasingly important given their connection to the fundamental mechanisms 
of coronal heating, flaring and eruption. The widely accepted formation mechanism of the 
phenomena is through concentrated footpoint heating of coronal loops. This heating leads 
to a cyclical process known as the Thermal Non-Equilibrium (TNE) cycle, resulting in an 
over-density of material, causing a subsequent rapid cooling of the plasma and its 
condensation into coronal rain. The drivers of this footpoint heating are still unknown 
though it is generally hypothesised that there may be a strong link to the local magnetic 
complexity. 
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Abstract 

AI is beginning to reshape heliophysics and space weather forecasting. Continuous solar 
observations, large data archives, and foundation models are creating new ways to connect 
solar activity, heliospheric evolution, and geospace response within a coupled Sun-Earth 
system.  
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Abstract 

Empirical thermospheric models (NRLMSISE-00, JB2008) systematically underestimate 
storm-time density above 500 km, while physics-based models remain computationally 
prohibitive at orbiting satellite catalogue scale. Between these approaches lies a large 
population of tracked Low Earth Orbit objects whose orbital decay is a direct, continuously 
sampled observation of atmospheric drag — but one historically treated as too noisy for 
object-level inference, reducing the space-weather community to averaged or small-sample 
studies (CHAMP, GRACE, Swarm, single-satellite case studies). We present, for the first time, 
a catalogue-wide unsupervised framework that recovers anomalous decay signatures — 
deviations in semi-major-axis decay rate (da/dt) from each object's quiet-time baseline — 
from individual Two Line Element (TLE) sequences across 19,000+ objects (payloads, 
debris & rocket bodies), using a deep-learning Long Short Term Memory (LSTM) 
autoencoder jointly conditioned on physics-informed F10.7, Kp, Dst, and Sudden Solar 
Commencement-referenced time lags. The key innovation is an uncertainty-aware training 
objective that inherits SGP4 orbital propagation error as a function of epoch cadence, 
enabling the model to distinguish genuine storm-driven decay anomalies from 
measurement noise in sparsely sampled sequences — precisely the regime where existing 
methods fail. Unlike prior population studies which rely on superposed epoch averaging, 
our approach preserves per-object, per-altitude decay anomaly dynamics across the period 
2018–2026, including the May 2024 Gannon superstorm. The framework produces the first 
population-scale, uncertainty-bounded catalogue of storm-driven orbital decay anomalies, 
establishing altitude-dependent minimum detectable lags between geomagnetic onset and 
observable satellite decay response, and offering the space-weather community an 
observational constraint on thermospheric drag response — independent of any 
atmospheric model assumption. 
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