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ABSTRACT

Aims. Extreme Solar Energetic Particle Events (ESPEs) were identified almost a decade ago, providing context for super events
unleashed by our host star, the Sun. Their assumed solar origin drives the question of their “worst-case" impact, which could be
profound, multifaceted, and devastating for our technological society.
Methods. A methodology that directly relates the soft X-ray flux FS XR of the driving solar flare of a Solar Energetic Particle event
to its “worst-case" integral fluence spectrum has recently been proposed by Papaioannou et al. (2023). We employ this method to the
ESPEs that have been confirmed in cosmogenic radionuclide records up to date, retrieve their “worst-case" integral spectrum, and
compare the latter to the actual – independently obtained – recent reconstructions based on the radionuclide records.
Results. We first show that our method allows us to estimate the integral fluence spectra of one of the paleo events, i.e., AD774/775,
one of the strongest ESPEs found within the cosmogenic radionuclide records so far. We then implement a mean ESPE utilizing four
confirmed paleo ESPEs (i.e., AD993/994, AD774/775, 660 BCE, and 7176 BCE) and test the resulting spectrum against the estimated
one. Finally, we test the same methodology for a series of strong SEPs recorded on the Earth’s surface as Ground Level Enhancements
(GLEs). In all investigated cases, the recent re-calibration of FS XR by Hudson et al. (2024) is considered.
Conclusions. We conclude that the methodology can adequately estimate the “worst-case" integral fluence spectra for both strong
and extreme SEP events, quantifying their impact up to an integral energy of ∼ E > 1 GeV.

Key words. Sun: particle emission – Sun: heliosphere – Sun: flares–solar-terrestrial relations

1. Introduction

Solar Energetic Particle (SEP) events represent one of the most
dynamic and impactful phenomena in space physics (Reames
2023). These events occur when particles, primarily protons,
electrons, and heavier ions, are accelerated to near-relativistic
speeds by solar processes (Reames 1999). As a result, the en-
ergies of SEP events span from a few keV to a few GeV (see
discussion in Papaioannou et al. 2023). The relativistic high-
energy tail of SEPs is occupied by Ground Level Enhance-
ments (GLEs); in these events, particles are energetic enough
(E≥300MeV; see details in Mishev & Poluianov 2021), allow-
ing them to penetrate Earth’s magnetic field and reach the lower
atmosphere, producing secondary particles detectable on the
ground, usually by neutron monitors (see a recent review in Pa-
paioannou 2023). Two primary mechanisms drive SEP events:
solar flares and coronal mass ejections (CMEs) (Klein & Dalla
2017). On the one hand, solar flares, which are intense bursts
of radiation emanating from releasing magnetic energy in the
Sun’s atmosphere, can accelerate particles through magnetic re-
connection processes (Aschwanden 2002). On the other hand,
CMEs involve large expulsions of plasma and magnetic field
from the Sun’s corona outward into the interplanetary space
(Howard et al. 2023). The interaction of these masses expelled
from the Sun with the underlying ever-present solar wind creates
shock waves that can also accelerate particles to high energies as
they propagate through the heliosphere via, e.g., diffusive shock

acceleration (DSA) (Desai & Giacalone 2016). However, solar
flares and CMEs do not evolve in isolation but rather in concert.
In particular, solar flares as sudden, intense bursts of electromag-
netic energy have a prominent soft X-ray (SXR) emission. The
intensity of the SXR emission often correlates with the flare’s
strength. CMEs, which involve the ejection of massive amounts
of solar plasma and magnetic fields into space, frequently ac-
company solar flares. While not all flares lead to CMEs, the
most powerful flares are typically followed by significant CMEs
(Yashiro et al. 2006). Both flares and CMEs are governed by the
same magnetic processes in the solar atmosphere (Zhang et al.
2001; Temmer 2021), and SXR emission often serves as an early
indicator of the flare’s intensity and the likelihood of a CME
(see Takahashi et al. 2016; Papaioannou et al. 2024, and refer-
ences therein). Details on the SXR-CME relation are added in
Appendix A. As a result, most SEP events are associated with
both of these drivers (see, e.g. Cane et al. 2010; Papaioannou
et al. 2016).

Although modern GLE events (Nitta et al. 2012; Waterfall
et al. 2023) are often referred to as extreme solar events, a hand-
ful of sudden, much more extreme increases have been identi-
fied in the cosmogenic radionuclide records of 14C, 10Be, and
36Cl (e.g., Miyake et al. 2012; Mekhaldi et al. 2015). Because
of the strength of these increases, several possible explanations,
including gamma-ray bursts (Hambaryan & Neuhäuser 2013)
and cometary impact (Liu et al. 2014), have been discussed in
the literature. Nowadays, however, we know that these spike-

Article number, page 1 of 7

ar
X

iv
:2

50
2.

05
90

3v
1 

 [
ph

ys
ic

s.
sp

ac
e-

ph
] 

 9
 F

eb
 2

02
5



A&A proofs: manuscript no. Herbst_Papaioannou_aa52096-24

101

102

6 8 10 12
Log(Fluence F30) [cm-2]

N
um

be
ro
fe
ve
nt
s

0

0.2

0.4

0.6

0.8

1.0

P
(>
F 3

0)

Mean = 7.12
STD = 0.92
Median = 6.87

8.
85

Fig. 1. Statistical distribution of the F30 proton fluence obtained using
a total of 392 SEP events recorded from 1955 to 2023 onboard space-
craft (magenta bars) and the ESPEs of the past (light blue bar). The
black dashed line corresponds to the cumulative distribution function
(CDF). The blue trace (right ordinate axis) corresponds to the empir-
ical Complementary CDF (CCDF) and gives the probability P(> F30)
of having a SEP event with a log-fluence above a certain value F (see
e.g. Ross 2014). The horizontal red line indicates the 5% chance of ex-
ceeding the value indicated in red. The plot imprints the mean, median,
and standard deviation of the entire sample for the log-fluence values.
The y-axis is displayed as a log scale so that the whole range of log-
fluence values can be displayed without the small ESPE values being
compressed. The star symbol corresponds to the Carrington log-fluence
value of 1010cm−2 (Cliver & Dietrich 2013). The orange rectangle de-
picts the lack of log-fluence values from 1010−11cm−2.

like increases were caused by impacting solar energetic particles
(Usoskin et al. 2013; Thomas et al. 2013; Cliver et al. 2014) that
form the actual extreme solar particle events (ESPEs, see the
detail review by Usoskin et al. 2023). By nature, these extreme
events have not been directly observed/measured. Consequently,
their energy spectrum is at times represented by a scaled spec-
trum of the strongest ever observed hard-spectrum SEP event:
GLE05 that occurred on 23 February 1956 (see details in Pa-
paioannou et al. 2023).

One of the first and – so far – strongest events discovered in
the cosmogenic radionuclide records, the AD774/775 event, was
identified in 2012 (Miyake et al. 2012) and immediately got a
lot of attention, opening a new pathway for investigating physi-
cal processes on the Sun (Usoskin & Kovaltsov 2021). In the 12
years since that milestone starting point, three more ESPEs have
been confirmed in all three cosmogenic radionuclide records
(see details in Paleari et al. 2022; Koldobskiy et al. 2023):
the 993/994 CE (Miyake et al. 2013), the 660 BCE (O’Hare
et al. 2019), and the 7176 BCE (Brehm et al. 2022) events. At
present, these four events constitute the high energy/low prob-
ability tail in the SEP distribution (see, e.g., Fig.1). With a flu-
ence of protons at E>30 MeV (F30) estimated to be 1.5-2 orders
of magnitude larger than the largest GLE on record (GLE05),
the AD774/775 event is the largest SEP event described in de-
tail so far. ESPEs are significantly larger than any SEP and/or
GLE events detected since the 1950s (Koldobskiy et al. 2023),
implying that such events pose an underestimated threat to our
society. F30 can be determined from spacecraft data obtained be-
tween 1955 and 2023. In particular, a total of 392 SEP events
reaching such an integral energy have been listed until today
(see details of this catalog in Papaioannou et al. 2025). The his-
togram in Fig. 1 displays the distribution of the logarithm of the
F30 values for all of these events. As can be seen, no event in
the instrumental era (magenta bars) shows an F30 value that ex-

ceeds the estimated Carrington event value (1010 cm−2)1 (star
symbol). The radionuclide-based F30 estimates are shown as the
last bar (in cyan), representing the four confirmed events (7176
BC, 660 BC, 774 AD, and 993 AD). The red horizontal line in-
dicates the 5% chance of exceeding the value imprinted in red,
indicating the tail of the distribution. It shows that for only 5
out of 100 times, a log-fluence F30 larger than 8.85 (cm−2) may
occur at our Sun. On the other hand, this means that 95 out of
100 times, the log-fluence will be below this value. This is fur-
ther corroborated by the dotted black line, providing the CDF
of the log-fluence. It indicates that the probability (P(>F30)) that
the log-fluence F30 ≤ 8.85 (cm−2) is 0.95 (right hand ordinate)
(see also the relative discussion in Papaioannou et al. 2022). The
observational gap between instrumental and paleo SEPs (orange
rectangle in Fig.1) means we cannot conclude whether these two
sets of observations result from the same underlying distribution
and, therefore, are formed by the same physical processes.

Based on the existing 14C, 10Be, and 36Cl data, it can be hy-
pothesized that no events larger than AD774/775 will be found
in the radionuclide records from the last ten millennia (e.g.,
Miyake et al. 2019). However, most observed GLEs show ‘soft’
spectra, with higher fluences of lower energy particles. Thus,
previously unidentified extreme soft-spectrum events might hide
in the cosmogenic radionuclide records (i.e., 36Cl).

2. From soft X-rays to “worst case" scenario
particle fluences

Recently, Koldobskiy et al. (2023) presented new, calibrated,
multiproxy reconstructions of the integral fluence spectrum of
all known ESPEs. In turn, this work provides precise numeri-
cally derived ready-to-use values of the reconstructed ESPE flu-
ences F(> E) (see their Table 3). At the same time, the tight
connection between solar eruptive events and SEPs has been ex-
plored and discussed in numerous works (e.g. Cane et al. 2010;
Papaioannou et al. 2016; Desai & Giacalone 2016).

Most recently, a method that allows inferring the “worst
case" fluence spectrum of a SEP event solely utilizing the magni-
tude of the associated solar flare in terms of Soft-X-rays (SXRs)
has been proposed by Papaioannou et al. (2023). The “worst
case" fluence is derived from the upper limit estimation of each
fluence value at each integral energy of interest, following the
methodology detailed in Papaioannou et al. (2023). The latter
is based on upper limit scaling relations that convert the SXR
flux to peak proton flux (IP(> E)) and fluence (FP(> E)) for a
set of integral energies from E>10 MeV to E>100 MeV. In par-
ticular, these authors utilized a carefully selected sample of 65
SEP events that extended from >10 to >100 MeV and identi-
fied scaling laws of SEPs to SXRs for each integral energy (i.e.,
>10, >30, >60, and >100 MeV). In addition, they converted the
peak proton fluxes to fluences for each of the integral energies.
An inverse power-law fit is assumed to fit the resulting SEP flu-
ences from >10 to >100 MeV. Once established, this is extended
to higher integral energies (i.e., E>200 MeV and E>430 MeV).
Papaioannou et al. (2023) found that FP(> E) scales with the
SXR flux as F5/6

S XRs. Thus, the integral fluence spectrum can be
estimated directly when the FS XR is known.

Table 3 of Koldobskiy et al. (2023) provides the integral flu-
ences FP(> 30), FP(> 60), FP(> 100), FP(> 200), FP(> 300),
FP(> 600), and FP(> 1000) for the ESPEs recorded around
AD993/994, AD774/775, 660 BCE, and 7176 BCE. Thus, the
combination of these integral fluences for each integral energy
1 see Cliver & Dietrich (2013)
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Fig. 2. The integral fluence spectra of the AD774/775 event. Blue and
black filled squares display the estimations based on the cosmogenic
radionuclide data (Usoskin et al. 2021; Koldobskiy et al. 2023, , re-
spectively). While the magenta ribbon reflects the spectrum derived by
Koldobskiy et al. (2023), the orange ribbon is obtained as a “worst case"
upper limit integral fluence spectra based on an X600 solar flare by em-
ploying the method outlined in Papaioannou et al. (2023).

leads to a well-specified range of values per energy bin. In turn,
these estimates can be used to construct the upper and lower lim-
its of the integral fluence as a function of integral energy as de-
duced by measurements (proxies) alone.

In the case of the AD774/775 event, Cliver et al. (2022) iden-
tified the associated SXR flux as X400±200 (see also Papaioan-
nou et al. 2023; Hudson et al. 2024). This SXR flux was iden-
tified as follows: Cliver et al. (2020) (i.e., their Fig. 7) began
with a reduced-major-axis (RMA) fit to a scatter plot of modeled
>200 MeV fluences taken from (Raukunen et al. 2018) for hard-
spectrum GLEs vs. the peak intensities of their associated SXR
flares. They then added two points for the 1956 GLE based on
the estimated range of the peak SXR intensity (X10-X30) of its
associated flare (as inferred from white-light and radio observa-
tions) and its >200 MeV fluence (Usoskin et al. 2020). Through
these points, they extrapolated lines parallel to the RMA fit to
the modeled >200 MeV fluence for the AD774 SEP event to ob-
tain an estimate of X285±140 for the AD774 flare. Re-scaling
the SXRs according to (Hudson et al. 2024) shifts the SXR of
AD774 from X285±140 to X400±200. It follows that the worst-
case upper limit SXR flux is X600. With the help of the method
described in Papaioannou et al. (2023), therefore, we obtained
the “worst case" integral fluence spectra utilizing the X600 FS XR
(orange solid line embedded in an envelope depicting the 1-σ er-
ror; parameters of the fit are available in Table 3 of Papaioannou
et al. (2023)). As shown in Fig. 2, the so-derived spectrum and
the independently obtained range of integral fluence values from
Koldobskiy et al. (2023) and Usoskin et al. (2021) can be directly
compared. As can be seen, our AD 774/775 estimate aligns well
with the fluence values derived by Usoskin et al. (2021) (blue
symbols) and Koldobskiy et al. (2023) (black symbols). The un-
derlying assumption of the aforementioned studies is that flares
(denoted by their SXR measurements) drive SEPs. However, the
lack of a universal correlation between spectral hardness and
SXRs under a flare-only acceleration model (see e.g. Trottet
et al. 2015) suggests the need for an additional mechanism, such
as CME-driven shocks – supporting a dual-mechanism model
(Papaioannou et al. 2016; Desai & Giacalone 2016). Considering
the differences, the obtained alignment is promising. The spec-
tral shape derived by Koldobskiy et al. (2023) is highlighted in
purple. Given the fact that the AD774/775 event is the strongest
ESPE event identified to this day, it represents an upper-limit

AD774/775 after Papaioannou et al. (2023) (their Fig. 6)
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Fig. 3. The integral fluence spectra of the AD774/775 event tak-
ing into account the reconstructed ESPE events around AD993/994,
AD774/775, 660 BCE, and 1776 BCE. Here, the gray shade repre-
sents the spread of integral fluence values presented in Koldobskiy et al.
(2023) while the filled circles show the integral energy-dependent mean
of each fluence bin, and the black solid line represents the correspond-
ing Band fit. The orange solid line and envelope are similar to Fig. 2.

"worst-case" event, demonstrating what our host star the Sun
is capable of producing (Papaioannou et al. 2023). The study
of Koldobskiy et al. (2023) provides the scaled spectrum of the
AD774/775 event with a 1-σ spread. This is incorporated in the
direct comparison of Fig. 2. Although there is an apparent roll-
over energy for ESPEs (here at E>300 MeV), our simple inverse
power-law representation (within the errors) gives a quite practi-
cal representation between E>60 MeV and E>1 GeV. Nonethe-
less, the spectral shape employed (i.e., inverse power-law) is re-
strictive for both the softening of the higher energies and the un-
derestimation of the lower energies. As a result, while a realistic
spectrum for SEPs is expected to be a double power or have an
exponential roll-over (see details in Appendix B), here we con-
sider a single power-law (PL) approximation in the energy range
of E>10 MeV to E>100 MeV, extrapolated to E>1 GeV (see also
the relevant discussion in Papaioannou et al. 2023). Nonetheless,
in the work at hand, it was made evident that the simple PL can
provide a reasonable estimation of the fluence spectra from E>60
MeV to E>1 GeV, which in turn provides a quick and practical
representation of the “worst-case" conditions. Figure 3 shows
the range of the reconstructed ESPE integral fluence values per
integral energy of AD993/994, AD774/775, 660 BCE, and 7176
BCE (gray shaded area, based on Koldobskiy et al. 2023). This
was constructed using the four values (of the four events) for
each integral energy and identifying the range of fluence val-
ues per integral energy (represented by the grey area in Fig. 3).
Each vertical column led to a mean value per integral energy.
The black dots represent these values. Note that the upper limit
is formed by the 660 BCE event (E<15 MeV) and the 7176 BCE
event (E>15 MeV), while the AD993/994 event forms the lower
limit at all energies. To derive an estimation of the mean of the
range of integral fluences per integral energy, we utilize the Band
fit function, a double power-law with an energy-dependent roll-
over (e.g., Band et al. 1993). Here, the omnidirectional event-
integrated integral fluences J(> R) [cm−2] are given by

F(> R) =

J0

(
R

1 GV

)−γ1 exp
(
− R

R0

)
R ≤ (γ2 − γ1)R0

J0

(
R

1 GV

)−γ1 exp
(
− R

R0

) (
R
R1

)−γ2 R > (γ2 − γ1)R0,
(1)

where J0 represents the fluence normalization coefficient, and γ1
and γ2 represent the low/high rigidity power-law indices (e.g.,
Raukunen et al. 2018). Accordingly, the event-integrated differ-
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ential spectrum (in units of [1/(cm2 sr GeV)]) can be derived by:

F(> E) =
{

1
4π J0

(
R

1 GV

)−γ1 exp
(
− R

R0

)
(γ1R0+R)(E+E0)

R0R2 R ≤ (γ2 − γ1)R0
1

4π J0 · A · γ2 · R−γ2 E+E0
R2 R > (γ2 − γ1)R0.

(2)

Here, A =
[
(γ2 − γ1)R0

]γ2−γ1 exp (γ1 − γ2) and E0 is the protons
rest mass energy (0.938 GeV). The following parameters have
been found to fit the values (i.e., the black dots in Fig. 3) best:
J0 = 8.5·1013 ± 1 · 1011 cm−2, γ1 = 0.65±0.02, γ2 = 7.0±0.05,
and R0 = 0.35 ± 0.01 GV. The corresponding roll-over energy is
displayed as the black dashed line.

To test whether the “worst case" integral fluence spectra in-
ferred from FS XR can further be applied to modern events, we
turn to the strongest SEP events that have been recorded at Earth
as GLEs above the ever-present background of galactic cosmic
rays (see a recent review on the subject in Papaioannou 2023,
and references therein). Therefore, the published integral flu-
ence spectra of the GLEs between 1956 and 2017 (i.e., covering
GLE55 – GLE712) by Koldobskiy et al. (2021) were used (see
Table B.1 for more detail).

Further, we utilized the newly re-calibrated FS XR values for
the saturated GOES events (Hudson et al. 2024) and scaled the
rest by utilizing a multiplicative factor of 1/0.7 (see also Pa-
paioannou et al. 2023). Table B.1 provides all information on
the GLEs employed and gives their initial FS XR and the newly
re-calibrated values (FS XRrec ). Thereby, the lowest FS XRrec value
used in our estimations is 7.2·10−5 W/m2 (M7.2) associated to
GLE71 on 17 May 2012 (Richardson et al. 2014), while the high-
est FS XRrec used is 2.57·10−3 W/m2 (X25.7) associated to GLE65.
Based on these FS XRrec values, a band of the “worst case" integral
fluence spectra is reconstructed.

The results are shown in Fig. 4 presenting the integral fluence
spectra obtained for each GLE (Koldobskiy et al. 2021) com-
bined with the range of the “worst case" integral fluence spectra
obtained from the method outlined in Papaioannou et al. (2023)
(orange band). Again, our "worst case" integral fluence spectrum
agrees well with the integral fluence spectra of the GLEs be-
tween 1956 and 2017. This suggests that the method outlined in
Papaioannou et al. (2023) can reliably estimate the “worst case"
integral fluence spectra up to ∼E>1 GeV - taking into account
the limitations of the spectral form discussed here above and in
Appendix A.

3. Conclusions

The extremes of solar energetic particles were revealed only a
decade ago (Miyake et al. 2012) and brought a rapid change in
the field since it created many more questions than answers (see
the detailed discussion in Usoskin et al. 2023). Assuming that
our host star, the Sun, drives such events and that those represent
a high energy/low probability tail of the regular SEP distribution
(Usoskin & Kovaltsov 2021), it is desirable to be able to estimate
their resulting “worst case" integral fluence spectra to more reli-
ably estimate the direct technological and societal consequences
of such events.

In this direction, we employed the methodology detailed in
Papaioannou et al. (2023) and showed that it is possible to accu-
rately estimate the integral fluence spectra of one of the strongest
extreme SEP events ever observed (i.e., AD774/775, Fig. 2). The
concept was further tested against a mean ESPE obtained based
on four extreme SEP events found in cosmogenic radionuclide
records (i.e., AD993/994, AD774/775, 660 BCE, and 7176BCE;

2 e.g., https://gle.oulu.fi/
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Fig. 4. The integral fluence spectrum for GLEs from 1956-2017. Each
line is a Band fit (see Eq. (2)) to the values presented in Table B.1.
The orange range depicts the “worst case" estimated integral fluence
spectrum for the lower and the highest re-calibrated FS XR values of the
associated solar flares for GLE71 (lower) and GLE65 (higher). Note that
the results are represented by their obtained PL fit, per case, excluding
the according error estimates.

Koldobskiy et al. 2023, see Fig. 3). It was additionally tested on
a series of strong measured SEP events recorded at the surface
of the Earth, i.e., GLEs (Fig. 4). Our derived "worst case" inte-
gral influences seem to hold true for all cases, providing a robust
upper limit estimation for all (extreme) solar events.

AD774/775 is the only ESPE event for which a solar associ-
ation, in terms of SXRs, has been possible (Cliver et al. 2022).
In addition, the comparison in Fig. 4 between the mean-ESPE
spectrum (black line) and the derived spectrum from AD774/775
(orange line) is suggestive of the magnitude of flares that lead to
ESPEs, which should be in the range of a few X100, and that the
concept presented here could provide an estimate of the spec-
trum for ESPEs in case the triggering SXR flux is known.

Our method assumes a direct scaling relation between SXR
flux FS XR and the obtained integral fluence F(> E) (see details
in Papaioannou et al. 2023). In this work, we utilized for the first
time the accurate/scaled FS XR flux (see details in Hudson et al.
2024). Our method does not underpin the physical processes in-
volved in the acceleration and propagation of such extreme SEP
events. Instead, it directly estimates and quantifies the effects of
these changes. The verification of the concept provides valuable
insight: even if we do not yet know how these extreme events
are unleashed by the Sun and if these are “black swans" (pro-
duced by physical processes already known) or “red dragons"
(produced by processes completely unknown) (see, e.g., Cliver
et al. 2022; Usoskin et al. 2023), we do know that such events
will strike again letting our interconnected technologically de-
pendent society completely vulnerable.

With upcoming missions such as PLATO (Rauer et al. 2014,
2024), searching for terrestrial planets around, e.g., G-type and
Sun-like stars, it is further essential to constrain the stellar parti-
cle and radiation environment to be expected within the habitable
zone of such systems (e.g., Engelbrecht et al. 2024; Herbst et al.
2024). Caution is needed when a scaling relation is established
for a particular system and used for another. Uncertainty arises
from differences in the stellar conditions compared to our Sun
(e.g., temperature, density, magnetic field) and the stellar/solar
wind properties that affect particle acceleration and propaga-
tion dynamics. Furthermore, the level of activity of a star versus
our Sun, in terms of flare and CME occurrence, directly affects
the SXR-SEP relations (see also the discussion in Papaioannou
et al. 2023). Assuming the Sun to be an ordinary G-type star, our
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method also provides a first-order approximation of the "worst-
case" integral stellar energetic particle fluence of an active solar
twin at the exoplanetary locations and with that paths the way
for sophisticated studies on the impact of cosmic rays on exo-
planetary atmospheres (i.e., climate and chemistry) and with that
on transmission spectra and biosignatures such as methane and
ozone.
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Appendix A: Soft X-ray and CME relations

Observations and theoretical studies have established a signif-
icant relationship between coronal mass ejections (CMEs) and
the thermal energy release traced by associated solar flare soft X-
ray (SXR) emissions (Patsourakos et al. 2020). Statistical anal-
yses indicate that most CMEs exhibit some level of X-ray emis-
sion (Yashiro et al. 2006). However, solar flares occur more fre-
quently than CMEs, suggesting a lack of one-to-one correspon-
dence. Nonetheless, the likelihood of a CME being associated
with a flare increases with flare intensity in terms of SXR flux
(see Fig. 1 of Yashiro et al. 2006).

A moderate correlation has been identified between CME
speeds and the peak SXR flux of associated flares (Salas-
Matamoros & Klein 2015; Takahashi et al. 2016; Papaioannou
et al. 2024). This correlation arises because solar eruptive events
— flares and CMEs — are interconnected, both resulting from
magnetic field restructuring in the corona. However, significant
scatter in the data (see e.g., Fig. 3 in Papaioannou et al. 2024)
suggests that while SXR emissions relate to CME kinematics,
additional factors influence CME dynamics.

Several studies have explored scaling relations between
CME properties and SXRs. For instance, Takahashi et al. (2016)
found that CME speed (VCME) scales with the SXR photon flux
(FS XR) as VCME ∝ F0.30±0.04

S XR , implying that more intense flares
are generally associated with faster CMEs. Expanding on this,
upper-limit scaling relations for CME speeds have been derived
based on SXR emissions (Papaioannou et al. 2024) and active re-
gion (AR) energy (see e.g., Gopalswamy 2018). More recently,
Mohan et al. (2024) applied the concept of scaling laws to in-
vestigate analogous correlations, extending the concept of these
relations to stellar flares and CMEs.

While these scaling laws provide valuable insights into
CME-SXR connections, significant variability remains. Factors
such as the surrounding magnetic environment, CME geometry,
and projection effects contribute to the observed scatter. Thus,
although SXR measurements serve as crucial indicators of CME
dynamics, they represent only one aspect of a complex inter-
play of solar eruptive processes (see the relevant discussion in
Papaioannou et al. 2024).

Appendix B: Catalog

Appendix C: Spectral shape

Flares and CMEs are widely recognized to almost always coin-
cide during strong SEP events, which typically obscures the pri-
mary acceleration mechanisms (see Kiselev et al. 2022, and ref-
erences therein). Thus, double power-law spectra in SEPs are ex-
pected. Such spectra are frequently observed, spanning from the
lowest proton energies up to several hundred MeV (e.g. Mewaldt
et al. 2012). They are commonly attributed to: (a) the pres-
ence of two distinct accelerators—such as CME-driven shocks
and flare-related processes. In particular, the assumption is that
CME-driven shocks are the dominant acceleration mechanism
at lower energies (see, e.g. Desai & Giacalone 2016) and flare-
associated processes, such as magnetic reconnection, dominate
at higher energies (Klein & Trottet 2001). As a result, below the
break energy, the spectrum exhibits a flatter slope (shock accel-
eration), while above it, the slope becomes steeper (flare-related
acceleration); and (b) low-energy particles are more susceptible
to scattering and energy losses due to interactions with the solar
wind and interplanetary medium, including Coulomb collisions
and adiabatic deceleration, which further modify their spectrum

(Dröge 2000) while high-energy particles, being less influenced
by these processes, tend to retain spectral features closer to their
source (Reames 1999). Nonetheless, it is also possible for a sin-
gle accelerator to produce such spectra under specific condi-
tions: (i) CME-driven shocks can produce a double power-law
spectrum if the acceleration efficiency varies across different en-
ergy ranges. For instance, the presence of stronger turbulence at
higher energies or a limited supply of low-energy seed particles
can naturally lead to a change in the spectral slope (Ellison &
Ramaty 1985); (ii) shock geometry and evolution can also af-
fect particle acceleration. As the shock expands and weakens,
it may favor acceleration at certain energy ranges over others,
leading to a break in the spectrum (Kouloumvakos et al. 2024);
(iii) even if the initial spectrum from a single accelerator is a
pure power law, transport effects such as scattering, energy loss,
and escape from the shock region can create a double power-
law signature. For example, Coulomb collisions can deplete low-
energy particles, while interplanetary propagation can modify
high-energy particle distributions (Dröge 2000); (iv) a single
mechanism, such as stochastic acceleration (second-order Fermi
processes), can inherently produce a spectrum with a break if the
energy gain per interaction or the rate of particle injection into
the process changes with energy (Petrosian 2012) and (v) flare-
accelerated electrons and protons are injected both downward
into flare loops and upward into a forming flux rope. These par-
ticles remain trapped until the expanding flux rope reconnects
with an open coronal structure, releasing them into interplane-
tary space. Within the dense flux rope, Coulomb collisions re-
duce the low-energy portion of the proton spectrum. Meanwhile,
the CME-driven shock independently accelerates a population of
suprathermal particles present in the corona and interplanetary
medium, gradually increasing their energy spectrum and replen-
ishing the lower-energy component. Together, these processes
result in a double power-law proton spectrum, characterized by
a flatter slope below the break energy and a steeper slope above it
(Masson et al. 2013). Thus, the spectra of low-energy and high-
energy particles in SEPs are typically not aligned, reflecting their
origins from possibly different acceleration processes and the
subsequent propagation effects.
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E >MeV GLE55 GLE56 GLE59 GLE60 GLE62 GLE63 GLE64 GLE65 GLE66 GLE67 GLE69 GLE70 GLE71
F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2] F [cm−2]

29 1.22E+08 1.61E+07 1.89E+09 1.24E+08 6.98E+08 8.02E+07 4.01E+07 2.51E+09 2.77E+08 1.31E+08 3.46E+08 1.55E+08 2.32E+07
60 4.95E+07 5.65E+06 4.68E+08 5.98E+07 1.30E+08 2.15E+07 1.29E+07 2.91E+08 9.00E+07 2.90E+07 1.59E+08 5.79E+07 7.79E+06
103 2.06E+07 2.22E+06 1.44E+08 3.08E+07 3.27E+07 6.95E+06 4.89E+06 5.92E+07 3.25E+07 8.66E+06 7.95E+07 2.10E+07 3.12E+06
196 5.09E+06 5.48E+05 2.75E+07 1.13E+07 4.92E+06 1.37E+06 1.21E+06 8.87E+06 6.92E+06 1.73E+06 2.80E+07 4.96E+06 8.65E+05
294 1.93E+06 1.93E+05 8.50E+06 5.27E+06 1.33E+06 4.45E+05 4.40E+05 2.91E+06 2.15E+06 5.91E+05 1.28E+07 1.96E+06 3.50E+05
407 8.24E+05 7.52E+04 2.76E+06 2.46E+06 3.92E+05 1.61E+05 1.65E+05 1.18E+06 6.65E+05 2.20E+05 5.88E+06 8.62E+05 1.48E+05
602 2.79E+05 2.30E+04 6.14E+05 8.04E+05 8.17E+04 4.14E+04 4.02E+04 4.14E+05 1.32E+05 6.14E+04 1.87E+06 2.96E+05 4.36E+04

1000 5.96E+04 4.44E+03 7.25E+04 1.56E+05 9.27E+03 5.31E+03 4.18E+03 1.19E+05 1.39E+04 1.04E+04 3.24E+05 6.18E+04 5.85E+03
FSXR [W/m2] 9.40E-04 1.10E-04 5.70E-04 1.44E-03 1.00E-04 7.10E-05 3.10E-04 1.70E-03 1.00E-03 8.30E-04 7.10E-04 3.40E-04 5.10E-05

FSXRrec [W/m2] 1.34E-03 1.57E-04 8.14E-04 2.11E-03 1.43E-04 1.01E-04 4.43E-04 2.57E-03 1.55E-03 1.33E-03 1.02E-03 4.86E-04 7.29E-05

Table B.1. GLEs presented in Fig.4. The integral fluence per F(>E) [cm−2] for a set of 8 integral energies for 12 GLEs, as published by Koldobskiy
et al. (2021). Associated solar flare flux FXS R [W/m2] followed by FXS Rrec [W/m2] which are the currently accurate SXR fluxes. For these values,
proper scaling was applied (using a multiplicative factor of 1/0.7 for the GOES 1–8 channel). The saturated strong X-class event values for GLE60,
GLE65, GLE66, GLE67, GLE69 and GLE72 also need further attention; their re-scaled SXR classes are taken from Hudson et al. (2024).
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