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ABSTRACT

Context. Stellar flares are intense bursts of radiation caused by magnetic reconnection events on active stars. They are especially fre-
quent on M dwarfs, where they can significantly influence the habitability of orbiting planets. Flare frequency distributions (FFDs)
are typically modelled as power laws. However, recent studies challenge this assumption and propose alternative distributions such as
lognormal laws that imply different flare generation mechanisms and levels of planetary impact.

Aims. This study investigates which statistical distribution best describes flare occurrences on M dwarfs, considering both equivalent
duration (ED), the quantity directly measured from light-curve photometry, and bolometric energy, which is relevant for physical inter-
pretation and habitability assessment.

Methods. We analysed 110 M dwarfs observed with TESS and CHEOPS, detecting 5620 flares. We decomposed complex flare events,
corrected for detection biases in the recovery rate and energy estimation, and scaled the FFDs from both missions to construct a com-
bined distribution covering six orders of magnitude in bolometric energy.

Results. We find that ED-based FFDs closely follow a power-law distribution, reflecting the intrinsic photometric flare occurrence.
However, bolometric-energy-based FFDs deviate significantly from a pure power law. They are better described by a lognormal dis-
tribution, although the best fit is achieved with a truncated power law, exhibiting a break at 1.8 x 10*° erg. Using right-tail-stabilised
Kolmogorov—Smirnov and exceedance tests, we attribute this deviation to limited sampling of the most energetic events.

Conclusions. Our results show that the low-energy flattening, previously interpreted as evidence of lognormal behaviour, arises from
observational biases and can be corrected through flare injection-recovery and the combination of observations from instruments with
different sensitivities. We also find that current instruments are unable to reliably sample flares above 10°° erg, which are the most

relevant for exoplanetary atmospheric effects. The upcoming PLATO mission will be able to investigate both regimes.
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1. Introduction

Stellar flares are intense bursts of energy caused by magnetic
reconnection in a star’s atmosphere, which release large amounts
of radiation across the electromagnetic spectrum. Magnetic
activity is especially pronounced on M dwarfs, making flares
more frequent and energetic relative to their quiescent luminos-
ity than on solar-type stars. This increased activity has important
implications for exoplanet habitability: energetic flares can erode
planetary atmospheres and expose planetary surfaces to harmful
ultraviolet and X-ray radiation (Segura et al. 2010; Howard et al.
2018; Tilley et al. 2019). Conversely, stellar flares may be the
only source of increased ultraviolet radiation needed to induce
prebiotic photochemical reactions on planets orbiting M dwarfs
(Rimmer et al. 2018). As M dwarfs are the most common hosts
of terrestrial exoplanets in the habitable zone, understanding the
flare activity on these stars is crucial to assessing their potential
to support life (Ribas et al. 2023).

To characterise flare activity, large photometric surveys
such as the Transiting Exoplanet Survey Satellite (TESS) have
become central. TESS offers long-duration, near-continuous
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observations of large samples of stars up to a 20-second cadence,
which is ideal for detecting stochastic events such as flares and
constructing flare frequency distributions (FFDs) (Giinther et al.
2020; Pietras et al. 2022). In contrast, the CHaracterising ExO-
Planet Satellite (CHEOPS) observes a smaller number of targets
with ultra-high photometric precision and shorter observational
windows (typically 99 minutes per visit) but at higher cadence
(up to 3 seconds) (Benz et al. 2021). This complementary
observing strategy enables CHEOPS to probe short-duration,
low-energy flares that TESS cannot recover, extending the lower-
energy end of the FFDs (Bruno et al. 2024; Poyatos et al.
2025). Together, the two missions offer a unique opportunity to
characterise the full energy range of flare activity on M dwarfs.
A significant fraction of flares exhibit complex structures
with multiple peaks or sub-events. High-cadence observations
from TESS and CHEOPS are particularly valuable for resolv-
ing these substructures, which are often missed at lower cadence
(Howard & MacGregor 2022). Two physical interpretations have
been proposed to explain complex flare substructures (Davenport
et al. 2014). In the first scenario, the multiple flare components
within a complex event are physically associated, occurring
within a single active region (Kowalski et al. 2010; Anfinogentov
et al. 2013). In the second scenario, complex flares result from
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the superposition of independent flares originating from nearby
active regions, often referred to as sympathetic flares (Moon
et al. 2002; Bruno et al. 2024). Understanding complex flares
is crucial because treating them as single events or decomposing
them into components can alter derived FFDs.

Flare frequency distributions are commonly modelled using
a power-law relationship between flare frequency and energy,
expressed as dN/dE o« E~%, motivated by both theoretical con-
siderations and solar observations (Longcope & Noonan 2000;
Aschwanden et al. 2000). This approach enables convenient
comparison of @ indexes between samples and the extrapo-
lation of flare occurrence rates beyond the observed regime,
which is essential for estimating the cumulative impact of flares
on exoplanet atmospheres over long timescales (Giinther et al.
2020; Feinstein et al. 2024). However, several recent studies sug-
gest that the power-law assumption must first be justified and
that it may break down at low and high energy if the studied
range is broad enough (Ryan et al. 2016; Verbeeck et al. 2019;
Sakurai 2022). These deviations may arise from a combination
of observational biases, such as reduced detection efficiency at
low amplitudes, extreme-value statistics at high energies, and
intrinsic physical processes, such as a turnover or truncation
in the flare energy distribution (Howard et al. 2019; Gao et al.
2022).

In particular, Bruno et al. (2024) and Poyatos et al. (2025)
reported that when complex flares are decomposed into individ-
ual components, M dwarf FFDs tend to be better described by
a lognormal distribution. This alternative description suggests a
different flare generation scenario, in which strong flares may
result from the multiplicative superposition of smaller events
triggering reconnection cascades in neighbouring regions, often
referred to as sympathetic flares, rather than emerging from a
purely self-organised criticality process (Aschwanden & Giidel
2021). Supporting this view, Howard & MacGregor (2022)
showed, using TESS 20- and 120-sec observations of low-mass
flare stars, that 42% of flares with energies higher than 103 erg
exhibited complex substructures, increasing to 70% for flares
above 10% erg. This suggests that energetic flares more often
have complex substructures, likely caused by the superposition
of smaller events. Considering each of these sub-events as an
individual flare would therefore affect the resulting FFD shape,
effectively reducing the frequency of high-energy flares while
increasing that of low-energy ones.

When constructing FFDs, the choice of energy metric can
significantly affect the observed distribution. The FFDs based
on equivalent duration (ED), which is measured directly from
photometry, generally follow a power law, reflecting predictable
scaling with flare energy. In contrast, FFDs based on bolometric
energy (Eyo) are obtained by multiplying the ED by the stel-
lar quiescent luminosity. For broad stellar samples, converting
the ED into bolometric energy can produce distributions that
deviate from a simple power law due to the influence of the
stellar luminosity distribution. Since stellar luminosities across
large samples are approximately lognormally distributed, the
convolution of a power-law ED distribution with this luminos-
ity distribution can distort the resulting energy-based FFD, as
observed in large flare samples that deviate from a pure power
law (Howard et al. 2019; Pietras et al. 2022). This effect com-
plicates comparisons of FFDs across different stellar samples. It
can make the distribution appear to deviate from a pure power
law even if the underlying flare generation process is unchanged.
Understanding this convolution is therefore essential for accu-
rately interpreting energy-based FFDs and identifying genuine
deviations from canonical flare scaling laws.
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In this work, we revisit the statistical shape of FFDs on
a sample of 110 M dwarfs by combining flare observations
from both TESS and CHEOPS. We first describe our flare
detection and characterisation using the AltaiPony package,
decompose complex flare structures using a method similar to
Davenport et al. (2014), and apply consistent recovery and energy
corrections to both datasets to address observational biases fol-
lowing Gao et al. (2022). We then construct and fit FFDs based
on ED and bolometric energy, comparing the performance of
power-law, lognormal, and truncated power-law models using
likelihood-based statistical tests. Finally, we discuss the impli-
cations of the observed deviations from the canonical power law,
particularly in the context of flare physics and the long-term
habitability of exoplanets orbiting M dwarfs.

The structure of the paper is as follows: in Section 2, we
describe the data sources, flare detection, decomposition, and
correction methods, energy calibration, and the construction of
the FFDs. In Section 3, we present the fitted distributions for
each dataset and energy metric. In Section 4, we examine our
findings in the broader context of stellar flare physics and discuss
their implications for future studies, especially in the context of
the PLATO mission. Finally, we summarise our conclusions in
Section 5.

2. Methods

This section describes the full analysis procedure, from sample
construction to the generation and fitting of FFDs. An overview
of the procedure is shown in Figure 1. We begin by describ-
ing the target selection and stellar parameters, then detail the
detrending and flare detection routines applied to the CHEOPS
and TESS light curves. We further present the flare energy
calibration and injection-recovery tests used to correct for detec-
tion biases, followed by the statistical methods employed to fit
candidate distributions to the FFDs. Finally, we describe the
merging of CHEOPS and TESS samples into a combined FFD
that extends the accessible energy range.

2.1. Target selection

Several CHEOPS programmes have targeted late-type stars. To
construct our sample, we selected all M dwarfs observed by the
completed programmes available in the CHEOPS archive. In par-
ticular, we combined data from two programmes: CH_PR100018
(PI: 1. Pagano), a guaranteed time observation (GTO) pro-
gramme dedicated to characterising the variability of late-K and
M dwarfs since April 2020, and CH_PR100010 (PI: G. Szabo),
which focused on monitoring the debris disc of AU Mic between
July 2020 and December 2023. These programmes collectively
yield around 52 days of CHEOPS observations across 110 MO to
M5 dwarfs. Therefore, the stellar sample used in this work is the
same as in Poyatos et al. (2025).

We obtained stellar parameters from external catalogues:
Gaia DR3 (Gaia Collaboration 2023) provided G-band magni-
tudes, effective temperatures, and distances derived from par-
allaxes, while stellar radii were taken from the TESS Input
Catalogue (Stassun et al. 2018). Spectral types were retrieved
from the CHEOPS observation metadata. We also searched
for chromospheric activity indicators, including H, equivalent
widths from Schofer et al. (2019) and log Ry, values from
Astudillo-Defru et al. (2017) and Boro Saikia et al. (2018). How-
ever, these indicators were available for only 64 and 71 of the 110
targets, respectively, limiting their usefulness for a comprehen-
sive statistical comparison. As an alternative proxy for activity,
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(i) Light curve extraction and detrending

Light curve recovery (MAST & Bruno+2024)
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Fig. 1. Flow diagram of the analysis procedure used in this study. The left bubbles describe the main steps, while the right squares provide additional

details.

we adopted the average projected rotational velocities (V sin 1)
of Bruno et al. (2024). Rotation periods were determined as the
dominant periodicities in the TESS light curves using a Lomb-
Scargle periodogram. Rotation periods longer than 27 days could
not be measured due to the typical TESS sector observation dura-
tion. Figure 2 shows the distribution of these parameters, while
Table A.1 lists their values for each star.

In Figure 3, we compare the CHEOPS and TESS spectral
response functions with a 10 000K blackbody spectrum, a typ-
ical approximation for M dwarf flare spectra (Kowalski 2024).
The TESS response is redder than CHEOPS’s, making it less
sensitive to the blue-weighted emission of flares (Berger et al.
2024). Combined with the faster cadence and superior photo-
metric precision of CHEOPS, this implies a higher sensitivity
to weaker and shorter-duration flares. Conversely, the longer
observing times and wide field of TESS favour detecting rare,
high-energy flares.

Figure 4 illustrates the CHEOPS yearly field-of-view cover-
age overlaid with the target positions. Even though CHEOPS’s
optimal coverage lies near the ecliptic plane, and TESS observes
with high frequency around the ecliptic poles, these missions
enable combined flare monitoring across a broad portion of
the sky.

2.2. Light curve detrending

The combination of high photometric precision, short cadence,
and extensive sky coverage makes TESS a powerful mission to
study flares at our targets. We downloaded all available TESS
light curves using the lightkurve package, selecting both
‘short’ (2-minute) and ‘fast’ (20-second) cadence data from the
Mikulski Archive for Space Telescopes. This resulted in 454
light curves across 107 targets, spanning observations up to
sector 93, for a cumulative total of around 8670 days.

We used the Pre-search Data Conditioning Simple Aperture
Photometry (PDCSAP) flux, which has instrumental system-
atics corrected by the SPOC pipeline (Jenkins et al. 2016).
Although PDCSAP processing may introduce spurious effects
(e.g. Nardiello et al. (2022)), the timescales of flares and

instrumental trends are sufficiently distinct in our data to justify
its use over the uncorrected SAP flux.

To remove rotational modulation, we applied a third-order
Savitzky—Golay filter. Following Davenport (2016) and Yang
et al. (2018), we selected the filtering window as one fourth of
the dominant period identified by a Lomb—Scargle periodogram.
Periods were accepted if the power exceeded 0.1 and the false
alarm probability was below 0.01. When no significant period
was identified, one fourth of the full length of the light curve
was adopted. Filtering was performed iteratively, masking data
points that deviate more than 30~ above the fit to mitigate flare
contamination during detrending.

CHEOPS light curves were obtained from Bruno et al.
(2024), who performed photometry on 60-pixel imagettes cen-
tred on the target stars. Imagettes photometry enables CHEOPS’s
highest cadence of 3 seconds. Individual visits were combined
to create a single light curve per target. In total, we obtained
around 52 days of observation for the 110 M dwarfs. The light
curves were processed with the CHEOPS Data Reduction Tool
(Morgado et al. 2022; Fortier et al. 2024) and normalised using
low-order polynomial fits. Full details of imagettes processing
can be found in Bruno et al. (2024). The same Savitzky—Golay
filter was applied to the CHEOPS data, using the rotation period
identified from TESS where available. If no period was found, or
if the target had no TESS light curve, we used one fourth of the
CHEOPS light curve duration as the filtering window.

2.3. Flare detection and decomposition

Flares were identified using the AltaiPony package (Ilin 2021),
which applies the criteria outlined in Equation (3) of Chang et al.
(2015). To be detected, a flare must:

consist of positive deviations from the quiescent flux level,
exceed N0 above the local scatter,

exceed (N0 + photometric error) above the local scatter,
and consists of at least V3 consecutive points satisfying these
conditions.

We adopted N; = 3 and N, = 2, in line with standard flare stud-
ies (Davenport 2016; Ilin et al. 2021). For the minimum duration
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Fig. 2. Parameters of the stellar sample. Panels from top to bottom show
histograms of Gaia G-band magnitude, T,//, log(V sin i), radius, dis-
tance, rotation period, and spectral type.

criterion, we set N3 = 3 for TESS and N3 = 5 for CHEOPS, fol-
lowing Bruno et al. (2024) and Poyatos et al. (2025), to reduce
the potential false positives of residual magnetic activity in the
CHEORPS light curves. This corresponds to minimum detectable
durations of 1 minute for TESS and 15 seconds for CHEOPS. For
each detected flare, AltaiPony recovers key flare parameters,
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Fig. 3. Response function of CHEOPS (green) and TESS (red), shown
together with a 10000 K flare blackbody spectrum (black).
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Fig. 4. Coordinates of the target stars overlaid on the CHEOPS sky cov-
erage map, with a minimum observing duration of 39 minutes per orbit,
corresponding to ~40% efficiency. Circle colours show the number of
TESS sectors covering each target. Background shading indicates total
CHEOPS observing time in days per year, with black contours marking
20, 40, 60, and 80 days.

including the flare amplitude, duration, start and stop times, and
the ED. The ED is defined as the time integral of the flare flux
relative to the quiescent level and represents the duration over
which the star would need to emit at its quiescent luminosity to
radiate the same energy as the flare.

The detected flares were then examined for potential sub-
structure using an iterative flare decomposition routine. We iter-
atively fitted one to five flare components using the Llamaradas
Estelares flare model (Tovar Mendoza et al. 2022) and
employing the scipy.differential_evolution optimiser to
determine the best-fit parameters. The Akaike information cri-
terion (AIC) (Akaike 1974) was computed for each iteration,
based on the residuals calculated over a window of 3 minutes
before and 15 minutes after the flare for TESS, and 30 seconds
before to 150 seconds after for CHEOPS. Therefore, only flares
sufficiently isolated from data gaps were retained. Following
Davenport et al. (2014), we adopted the final model as the itera-
tion that provides at least a 10% improvement in AIC relative to
the previous one.

2.4. Energy and recovery probability correction

Flare detection is biased against low-energy events: large flares
are almost always recovered, while low-energy flares are often
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missed. Furthermore, even after sigma-clipping, detrending can
still be influenced by the presence of flares, inducing a flux
decrease around them (see this effect in Figure 2 of Rajpuro-
hit et al. 2025). This effect can affect the estimated flare energy,
particularly for weaker events near the 30 threshold used for
sigma clipping. To quantify these biases, we performed a flare
injection-recovery analysis following the methodology of Seli
et al. (2021) and Gao et al. (2022).

For each light curve, artificial flares were injected following
the flare model, spanning relative amplitudes from 1073 to 10°
and full width at half maximum (FWHM) durations from 1072
to 10" minutes. To avoid overlap, we injected one flare per day
and ensured that at least one flare was injected in every light-
curve segment. We performed 50 iterations per TESS light curve
and 200 per CHEOPS light curve. Each injected light curve was
detrended and processed with the same flare detection routines
described in Sections 2.2 and 2.3. We define detection proba-
bility as the fraction of recovered to injected flares for a given
energy. The energy recovery ratio is the average of the ratio
between recovered and injected energy. These quantities were
then used to assign detection probabilities and energy correction
factors to each real flare.

Alternative approaches, such as wavelet-based denoising,
can be used to improve the recovery of low-energy flares. How-
ever, Poyatos et al. (2025) showed that wavelets do not extend the
observable flare energy range but enhance their recovery close
to the detection threshold. In our analysis, this effect is already
accounted for through the injection-recovery process, which
quantifies detection probability as a function of flare energy and
corrects for the resulting observing bias. Consequently, applying
wavelets in addition to injection-recovery would not further alter
the inferred slope of the FFD; therefore, we adopted the latter as
our primary correction method.

To convert ED to flare energy, we followed the method of
Shibayama et al. (2013), multiplying the quiescent stellar lumi-
nosity by the ED. As this energy is band-dependent, we applied
bolometric correction factors to estimate the total energy emit-
ted. Using the spectral response of each instrument and assuming
a 10000 K blackbody flare spectrum, we adopted ecyrops =
0.34 and ergss = 0.18. Bolometric energy was computed as:

Eppy=LXEDXe! (1)

2.5. FFD construction and fit

The FFDs describe the cumulative flare rate as a function
of energy, representing the expected frequency of flares of a
given energy or higher. In constructing FFDs, we followed the
approach of Bruno et al. (2024) by treating each fitted compo-
nent of a complex flare obtained in Section 2.3 as an individual
flare event. To account for star-to-star variations in detection
thresholds, we applied the first-order correction implemented
in Altaipony by setting the parameter multiple_stars = True,
so each FFD segment was normalised by the number of con-
tributing stars. We constructed FFDs separately for the TESS
and CHEOPS flare samples, both before and after correcting for
detection probability and flare energy recovery, as described in
Section 2.4. To enable fair comparison between the two mis-
sions, we scaled the number of flares detected with CHEOPS
by the ratio of the TESS observing time to the CHEOPS observ-
ing time for each star. This accounts for the shorter CHEOPS
time coverage and yields flare rates comparable to TESS. For the
three targets without TESS observations, individual scaling fac-
tors could not be determined. In these cases, we instead applied

a global scaling factor equal to the total TESS observing time
divided by the total CHEOPS observing time, corresponding to
~167. We then constructed four sets of FFDs:

— TESS flare frequency versus ED,

— CHEOPS flare frequency versus ED (scaled),

— TESS flare frequency versus bolometric energy,

— CHEOPS flare frequency versus bolometric energy (scaled).
Each FFD was fitted with multiple candidate distributions using
the curve_fit function from the scipy.optimize module.
For the ED-based FFDs, we compared the fits using both a
power-law and a lognormal distribution. For the Ey,-based
FFDs, we additionally tested a truncated power-law model,
which accounts for possible incompleteness or physical cutoffs at
high energies. The truncation energies and the power-law indices
on either side of the break were estimated using curve_fit and
the modified maximum likelihood estimator of Maschberger &
Kroupa (2009). Parameter uncertainties were estimated from the
covariance matrix returned by curve_£fit: the square roots of
its diagonal provide the standard errors of the fitted parameters,
which we then scaled by the appropriate Student-t critical value
to obtain two-sided 95% confidence intervals.

To determine the best-fitting model, we applied Vuong’s
likelihood ratio test (Vuong 1989). The candidate distributions
(power law, lognormal, and truncated power law) are non-nested,
meaning that none of the distributions can be expressed as a spe-
cial case of another by simply constraining parameters. Because
of this, the classical likelihood ratio test based on Wilks’ theorem
does not apply. For each distribution, we computed the Poisson
log-likelihoods of the observed cumulative flare frequencies:
1= [yilog(t) - 4; - log(y:!)] @

i=1
where y; is the observed number of flare events in bin i, and 4; is
the expected flare count predicted by the candidate distribution.
The normalised log-likelihood ratio statistic is then

-1
R=2_1 3)

né?
where &2 is the empirical variance of the per-point log-

likelihood differences. Under the null hypothesis that both mod-
els fit equally well, R is approximately standard normal. If R>0,
the second distribution is preferred, while if R<0, the first dis-
tribution is preferred. The two-sided p value was computed as

p =2[1 - (R )

where @ is the cumulative distribution function of the standard
normal. Lower p values indicate stronger statistical support for
the sign of R and therefore for the preferred distribution.

Finally, we constructed a combined FFD by merging the
CHEOPS and TESS samples. Before merging, each dataset was
corrected for instrumental effects, bolometric energy, and detec-
tion biases, as is described in Section 2.4. The CHEOPS flare
counts were also scaled to match TESS observing times. This
ensures that flare energies and frequencies from both missions
are on a consistent scale, allowing us to treat the combined sam-
ple as if it were obtained from a single instrument, spanning
a wider range of flare energies than either mission alone. As
before, we fitted power-law and lognormal distributions to the
ED-based FFD, and included a truncated power-law distribution
for the Eyo1-based FFD. The relative goodness of fit was assessed
using the normalised log-likelihood ratio, R, and the correspond-
ing p value described previously, allowing us to determine the
statistically preferred distribution in each case.

A302, page 5 of 15



Poyatos, J., et al.:

A&A, 708, A302 (2026)

x
=
fre
°
)
u
‘©
£
o
2
1.10
1.20 A 1.05 A L 1.20 A
| 1.00 —M\“«M .
1.00 o 1.00 A
T T T T
5.410 5.420 5.430 6.880 6.890 6.900 8.920 8.930 8.940 11.200 11.210 11.220
Time [MJD - 59115.4 d]

Fig. 5. Example TESS light curve of the M5V star GJ 65. The top panel shows the detrended light curve (blue points) from sector 30, with the raw
light curve in the background (grey points). The middle panel presents a one-week zoom of a selected portion, while the bottom panel provides
four close-ups of individual flares. Grey boxes mark the sections shown in the zooms. In the bottom panels, the fitted flare components are plotted

as solid coloured lines.

3. Results

We detected a total of 4150 flares in the TESS light curves of
78 stars and 179 flares in the CHEOPS light curves of 40 stars.
Of these, 34 stars exhibited flares in both datasets. Following the
flare decomposition methodology in Section 2.3, we identified a
large fraction of flares with complex structures. We found that
23% of TESS flares and 44% of CHEOPS flares are complex,
consistent with previous studies (Davenport et al. 2014; Bruno
et al. 2024; Poyatos et al. 2025). After decomposition, the total
number of flare events increased to 5324 for TESS and 296 for
CHEOPS.

The higher fraction of complex flares detected by CHEOPS
compared to TESS primarily results from the higher obser-
vational cadence. CHEOPS light curves typically have few-
second cadences, providing more data points per flare, which
increases the likelihood of resolving substructures within indi-
vidual events. In contrast, TESS light curves have a 20- or
120-second cadence, limiting the temporal resolution and mak-
ing some flares appear simpler. This cadence-dependent effect
has been discussed in Howard & MacGregor (2022), showing
that binning 20-second flare light curves obtained by TESS
on low-mass flare stars to a 120-second cadence produced
degeneracies in complex flare structures (see their Figure 2).
This is consistent with our results on M dwarfs, showing that
CHEOPS identifies nearly twice as many complex flares as
TESS.

Figure 5 shows an example of a flare-rich TESS light curve of
GJ 65, the target with the highest number of CHEOPS-detected
flares, with simple and complex flare profiles highlighted. Figure
6 presents a CHEOPS light curve of the same star. In the bottom
panels, the flare colours carry no physical meaning and simply
indicate the order in which they were added during the fitting,
which depends on the specific flare shape. We provide addi-
tional examples of complex flares in Figure B.1. The distribution
of the number of flare components per event across all light
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curves is shown in Figure 7. The higher percentage of complex
flares in CHEOPS was expected, given the instrument’s superior
cadence and sensitivity compared to TESS, consistent with find-
ings from previous flare studies using CHEOPS (Bruno et al.
2024; Poyatos et al. 2025). However, some apparently simple
flares may be intrinsically complex but with substructures that
remain undetected due to the limited sensitivity or cadence of
the instruments, as discussed by Howard & MacGregor (2022).
The reported fraction of components per flare should therefore
be considered indicative, since it depends on the photometric
precision and temporal resolution of each mission.

This sensitivity advantage is illustrated in Figure 8, which
presents the results of the flare injection-recovery process
described in Section 2.4. For flares with identical injected ampli-
tudes and durations (FWHM), CHEOPS consistently achieves
recovery rates higher than TESS. This is attributed to its higher
photometric precision and faster cadence.

Figure 9 displays the resulting detection probabilities and
energy recovery ratios for the detected flares. While CHEOPS
is more sensitive overall, it also exhibits a broader range of
recovery probabilities, indicating that it detects more weak flares
but also misses a greater fraction of them compared to high-
energy ones. In contrast, TESS fails to recover the weakest
flares detected by CHEOPS altogether, showing mostly a recov-
ery probability above 0.8, which indicates a strong observational
bias at lower flare energies. This highlights the unique contri-
bution of CHEOPS in probing the low-energy end of the flare
distribution. The energy recovery ratio is similar across both
missions, suggesting that the detrending process biases compa-
rably flare energy estimates. Notably, we do not observe energy
overestimation (ratios > 1) as reported in Gao et al. (2022).

We estimated the quiescent bolometric luminosity of each
target using its radius and effective temperature. Figure 10
presents the luminosity distributions for all stars and for the
subset with detected flares. Both distributions are roughly log-
normal, with u = 32.00,0 = 0.42 for the full sample and
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Fig. 7. Number of peaks recovered per flare event for TESS (red) and
CHEOPS (green). Peaks correspond to individual flare components
identified by the fitting procedure.

u = 3198,0 = 0.44 for the flaring stars. However, we note
substantial statistical uncertainty because of the relatively small
sample size of 110 stars.

We constructed FFDs in terms of both ED and bolometric
energy, as described in Section 2.5, and the resulting distri-
butions are shown in Figure 11. The CHEOPS-based FFDs
extend to lower energies and ED values than those from TESS,
consistent with CHEOPS’s ability to detect weaker flares. The
FFDs from the two missions overlap, with the upper end of the
CHEOPS distribution aligning with the lower end of the TESS
distribution. This overlap suggests a coherent extension of the
flare distribution across both datasets.

We then fitted all FFDs, both per-mission and combined,
following the methodology described in Section 2.5. The best-fit
parameters, the normalised log-likelihood ratios R and the asso-
ciated values p are reported in Table 1, while Figure 12 shows the
combined FFDs with the fitted distributions. After decompos-
ing complex flares and correcting for detection biases, the FFDs
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Fig. 8. Flare recovery rate from synthetic flare injection-recovery tests
for TESS (top) and CHEOPS (bottom).

become steeper, corresponding to an increase in the fitted
index and reflecting a higher inferred frequency of weaker flares.
This effect is strongest for CHEOPS, where the corrected FFD
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rises sharply at low energies because of the strong observational
bias against short, low-amplitude events. For ED-based FFDs,
the « index increases from a = 1.67 + 0.02 to @ = 1.95 + 0.03,
and for Ey-based FFDs froma = 1.45+0.04toa = 1.71 £0.02.
For TESS, the ED-based FFD shows no significant change, with
a varying from 1.66 + 0.01 to 1.65 + 0.01, while the Ey,j-based
FFDs exhibits a modest increase from 1.48 +0.01 to 1.51 +£0.01.
For the combined FFDs, the ED-based distributions steepen
from 1.85 + 0.01 to 1.90 + 0.01, and the Eyy-based ones from
1.63 £0.01 to 1.70 £ 0.01. After fitting a truncated power law on
the Ep,-based FFDs, we find that, for the observed sample, the
a index changes from 1.30 + 0.02 to 1.78 + 0.03, with a trunca-
tion threshold at #; = 4.8 x 10 erg. For the corrected sample,
the @ index increases from 1.66 = 0.02 to 3.39 + 0.07, with a
corresponding truncation threshold of #, = 1.8 x 10 erg.

For per-mission FFDs, the power-law distribution generally
provides a better fit for the ED-based distributions, while the
lognormal distributions give a better description of the Ep,; dis-
tributions, with the exception of the corrected CHEOPS sample.
For the combined ED-based distributions, a power law also pro-
vides the best fit, although the associated p value exceeds 0.05
for the observed sample. In contrast, the combined distributions
based on bolometric energy are better described by a lognor-
mal distribution, though in this case the associated p value also
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exceeds 0.05 for the corrected sample. However, a truncated
power law provides an even better fit, consistent with the results
of Davenport et al. (2014), although the associated value of p
remains above 0.05. The corresponding truncation energy is esti-
mated to be 1.8 x 10% erg, which may reflect either the limited
TESS observing baseline, insufficient to accurately sample the
rarest, highest-energy events, or a genuine change in flare physics
at the highest energies.

The Ep-based FFDs in Figure 12 also show regions relevant
to planetary habitability, where ozone depletion or abiogenesis
may occur. Tilley et al. (2019) estimates that the ozone layer of
unmagnetised planets can be completely destroyed if the super-
flare rate with energies above 10°* erg reaches 0.4 per day, with
a more permissive limit at 0.1 per day. In contrast, Rimmer et al.
(2018) originally defined the lower limit of the FFD required
for abiogenesis in terms of U-band flare energy, following a
power law with @ = 2. Here, we adopted Equation 10 of Giinther
et al. (2020) to convert this U-band threshold to bolometric flare
energy, which depends on the stellar radius and effective temper-
ature. We estimated that ~7.8% of the energy of a 10000 K flare
blackbody falls within the U-band, and determined the mean
radius and effective temperature of the 84 active stars in our sam-
ple as ~0.456R, and ~3525 K, respectively. For our observed
sample, the slope of the high-energy segment of the truncated
power-law distribution, which describes superflare frequencies,
is approximately parallel to the abiogenesis zone boundary, sug-
gesting that the two would not intersect even if the high-energy
bias were corrected. However, in the corrected sample, this par-
allelism disappears, indicating that correcting the high-energy
bias with longer baselines would allow a more reliable assess-
ment of the impact of superflares on planetary habitability to be
undertaken.

To better assess deviations in the high-energy bins, which
contain only a small number of events as a result of extreme-
value statistics, we applied the variance-stabilising transfor-
mations described by Maschberger & Kroupa (2009) (Equa-
tions (18) and (19)) to emphasise the behaviour of the distribu-
tion tail. We then constructed the stabilised percentile-percentile
(SPP) plots shown in Figure 13 by comparing the corrected
flare frequencies with those expected from the best-fit infinite
and truncated power laws. The two SPP plots also include the
acceptance region of the stabilised Kolmogorov—Smirnov (sKS)
statistic at the 5% significance level. We find that, at the highest
percentiles, the corrected distribution deviates from the infinite
power law and exits the sKS acceptance region, allowing us to
reject the null hypothesis of an infinite power law. In contrast,
it remains within the sKS acceptance region for the truncated
power law, so this null hypothesis cannot be rejected.

To determine whether the observed truncation arises from
an intrinsic physical process or from sampling effects, we fol-
lowed the exceedance test recommended by Maschberger &
Kroupa (2009). Specifically, we drew the same number of data
points (5620) from the best-fit infinite power law, recorded the
maximum energy of each trial, and repeated this procedure
5000 times. We then compared the maximum energy observed in
our data set with the 2.5th percentile of the resulting distribution
of simulated maxima, as is shown in the right panel of Figure 13.
Because the observed maximum lies below the 2.5th percentile,
and assuming that the truncated power law is the simplest expla-
nation, we suggest that the observed high-energy deviation from
an infinite power law is more likely due to limited sampling than
to an intrinsic physical truncation.

To assess the impact of sample heterogeneity on our results,
we repeated the analysis for an active subsample composed of
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Table 1. Fit parameters for per-mission and combined FFDs, both ED- and E\,,-based.

FFD Power law Lognormal Truncated Rpp prL R.r PLT Rpr pPrPr
TESS (ED) a = 1.66 u=043, 0c=0.61 - -6.24 <0.001 - -

TESS corr. (ED) a=1.65 u=0.63, c=0.69 - -7.81 <0.001 - -

CHEOPS (ED) a=167 u=-124, c=1.00 - -0.60 0.055 - -

CHEOPS corr. (ED) a=195 u=-1488, o0 =2.85 - -1.87  0.061 - -

TESS (bol. E) a =148 u =3280, 0 =0.74 - 1.65 0.098 - -

TESS corr. (bol. E) a =151 u=31.50, oc=1.56 - 1.11 0.267 - -

CHEOPS (bol. E) a =145 u=31.53, 0=0.86 - 2.40 0.016 - -

CHEOPS corr. (bol. E) a=171 u=27.80, c=1.79 - -1.36 0.173 - -

Combined (ED) a=185 u=-1.14,0=095 - -2.72  0.066 - -

Combined corr. (ED) a=190 u=-225 0=1.10 - -2.02  0.043 - -

Combined (bol. E) a=1.63 n=3137, 0=121 ay =130, a5, =178 5.09 0.039 496 0.072 9.5 0.022
Combined corr. (bol. E) a =1.70 pn=2795 0c=175 ag =160, @y, =339 044 0.066 230 0.060 443 0.034

Notes. Columns show the power-law a, lognormal u and o, @ below and above 103 erg if a truncated power law is applicable, and normalised
likelihood ratios with p values comparing the power-law and lognormal fits, the lognormal and truncated power-law fits, and the power-law and
truncated power-law fits.
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Fig. 12. Combined FFDs (grey) for the observed (first and third panels) and corrected (second and fourth panels) samples. ED-based FFDs are
shown in the first and second panels, and Eyo-based FFDs in the third and fourth panels. Power-law and lognormal fits are shown with dashed
red and green lines, respectively, while truncated power-law fits for the Ey,-based FFDs are shown with dashed blue lines. The dashed vertical
grey lines mark the truncation thresholds #; and #,. The shaded green areas correspond to the abiogenesis zone (AZ) (Rimmer et al. 2018). The
shaded light and dark red areas correspond to the permissive and conservative thresholds of the ozone depletion zone (OD) (Tilley et al. 2019),
respectively.

the 12 stars with more than 100 detected flares; namely, AD Leo, suggests that the observed deviation can be attributed to limited
AU Mic, EQ Peg, EV Lac, G 99-49, GJ 358, GJ 494, GJ 65, sampling.

G1799B, Gl 841 A, Proxima Cen, and Ross 733. The correspond-

ing corrected FFDs, SPP plots, and exceedance test results are 4 piscussion

presented in Appendix C. As with the full sample, the infinite

power-law hypothesis is rejected at high percentiles, while the The FFDs are often assumed to follow a power law. How-
truncated power-law hypothesis is not, and the exceedance test ever, when the energy range under study is sufficiently broad,
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Fig. 13. Left: stabilised percentile-percentile plot for the null hypothesis of the best-fit infinite power law (red diagonal), showing stabilised model
percentiles (SMPs) versus stabilised observed percentiles (SOPs). The corrected sample is shown as black data points. Percentiles of the best-fit
truncated power law are indicated by blue line, and the 5% significance-level stabilised Kolmogorov—Smirnov acceptance region is shown by the
two lines parallel to the diagonal. Middle: stabilised percentile—percentile plot for the null hypothesis of the best-fit truncated power law. Right:
exceedance test results, comparing the observed maximum energy (vertical black line) with the distribution of simulated maxima (grey histogram).
The 2.5th percentile of the simulated maxima (dashed grey line) is derived from 5000 trials drawn from the best-fit infinite power law.

deviations from a pure power law are frequently observed
(Verbeeck et al. 2019; Howard et al. 2019). These deviations may
arise from observational biases or reflect intrinsic properties of
flare generation that diverge from ideal scaling laws.

We found that FFDs constructed from ED (the quantity
directly measured from photometry) are well described by a
power law. This suggests that, observationally, flare occurrence
scales predictably with ED. In contrast, when ED is converted
into bolometric energy, the distributions deviate from a sim-
ple power law because of the influence of stellar luminosity.
Since stellar luminosities in our sample follow an approximately
lognormal distribution (see Figure 10), the convolution of a
power-law ED distribution with this lognormal luminosity dis-
tribution yields an energy-based FFD that no longer follows a
pure power law. This result is consistent with the findings of
Bruno et al. (2024) and Poyatos et al. (2025), who similarly
concluded that FFDs cannot be adequately described by either
a power law or lognormal distribution alone. However, the cor-
rected FFD obtained by Seli et al. (2021) still closely follows
a power law. This likely results from their relatively homoge-
neous sample of TRAPPIST-1 analogue stars, so the quiescent
luminosity distribution introduces less distortion into the result-
ing energy-based FFDs (see their Figure 21). For our sample, the
best representation is a truncated power law with a break around
10* erg.

By combining CHEOPS and TESS and correcting for flare
recovery completeness and energy underestimation, we extend
the sensitivity of the FFDs between 10°° and 10* erg. This
mitigates the dominant observational bias causing the appar-
ent flattening of the FFD at low energies, thereby reinforcing
the power-law slope. Notably, this addresses one of the main
motivations behind previous attempts to fit lognormal mod-
els, namely the apparent underrepresentation of weak flares.
Our result demonstrates that, with sufficiently sensitive missions
and robust flare decomposition, the low-energy regime can be
reconciled with a power-law distribution.

A key step in comparing TESS and CHEOPS FFDs involves
accounting for each mission’s response to a flare spectrum.
A blackbody temperature of 10000 K is commonly assumed
for M dwarf flares (Kowalski 2024), but observed flare tem-
peratures span 5000-30000 K (Howard et al. 2020; Maas
et al. 2022; Bicz et al. 2025). Selecting a flare blackbody
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temperature based only on optical photometry can provide large
gaps in the calculated energy (Jackman et al. 2023; Berger
et al. 2024). Because TESS and CHEOPS passbands differ (see
Figure 3), the assumed flare temperature directly affects the
bolometric correction factors e7gss and ecyeops (Section 2.4),
and thus the alignment of the two FFDs on the energy axis.
Importantly, the assumed temperature affects only the bolomet-
ric energy, not the flare frequencies, so the impact is restricted
to the horizontal scaling of the distributions. As is shown in
Figure 14, the ratio ergss/ecurops stabilises near 0.5 for tem-
peratures between 10000 K and 20000 K, implying that our
results are robust to temperature uncertainties over this range.
In contrast, adopting cooler temperatures would reduce the over-
lap between the TESS and CHEOPS distributions and could
introduce artificial offsets.

At the high-energy end of the FFDs, additional uncertainty
persists due to extreme-value statistics. We show that the appar-
ent suppression of flares above 10*° erg is primarily driven by
the limited sampling, as TESS, with observational baselines of
at least 27 days, is unlikely to accurately capture events occur-
ring on timescales of months to years. For comparison, Vasilyev
et al. (2024) used Kepler photometry to show that Sun-like stars
produce superflares with energies exceeding 10 erg at a rate
of about once per century, consistent with an extrapolation of
the solar flare distribution to higher energies. Correcting for
sampling bias at the highest energies is therefore essential for
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determining whether the mechanisms responsible for generating
these energetic superflares differ from those that trigger lower-
energy flares. Alternative models, such as the tapered power-law
distribution proposed by Sakurai (2022), suggest that the flare
production may decline sharply beyond a characteristic energy
scale, reflecting a maximum attainable flare energy that depends
on the size of the stellar convection zone.

A physical deviation from power-law behaviour at high
energies would have important consequences for exoplanet hab-
itability. Large flares (> 10** erg) have the strongest impact on
planetary atmospheres, driving processes such as the depletion
of atmospheric compounds (e.g., ozone and methane) and the
initiation of prebiotic chemistry through enhanced UV radiation
(Segura et al. 2010; Rimmer et al. 2018; Tilley et al. 2019). If
the true flare distribution deviates from a pure power law, the
occurrence rate of the most energetic events would be lower than
previously estimated. As a consequence, the cumulative flare flu-
ence experienced by planets orbiting active M dwarfs may be
reduced, potentially lowering the expected frequency of extreme
atmospheric disruption. This would affect models of exoatmo-
spheres in M-dwarf systems, particularly within habitable zones
where flare-driven processes play a critical role (Konings et al.
2022).

Furthermore, accurate modelling of FFDs is crucial not only
for assessing planetary habitability but also for designing and
evaluating future flare-monitoring missions. Flare distributions
are commonly used as input for synthetic light-curve generation
and recovery simulations. If the underlying FFD model is biased
due to incomplete flare recovery or oversimplified parameter
assumptions, predictions for flare detectability, cadence require-
ments, and mission sensitivity may be skewed. Our combined
and corrected approach, which merges CHEOPS and TESS data
and applies injection-recovery and decomposition corrections,
provides a framework for generating more realistic flare pop-
ulations for mission planning. Implementing corrected FFDs
will yield more reliable mission simulations and better-informed
observational strategies.

Our statistical assessment of the preferred FFD model relied
on Vuong’s likelihood ratio test, which is appropriate for com-
paring non-nested distributions. However, this method provides
only a relative measure of support, and the associated p values
are sensitive to the sample size (see the high p values obtained
for the CHEOPS FFDs in Table 1). Alternative approaches could
complement this analysis. For example, confidence intervals on
fitted parameters, bootstrap resampling of the flare sample, or
Bayesian model comparison using Bayes factors or posterior pre-
dictive checks could help quantify model stability and provide
insight into the robustness of the inferred distributions. While
implementing these methods is beyond the scope of the present
work, future studies with larger flare samples would benefit from
applying multiple statistical diagnostics in parallel.

Finally, synergy between different missions remains a crit-
ical component in advancing FFD studies. Beyond combining
TESS and CHEOPS, Kepler’s long continuous light curves have
been used to characterise flare occurrence (Gao et al. 2022).
Although only a small number of CHEOPS targets fall within
the Kepler field, using the partial overlap and extending such
analyses with Kepler observations would enable more consistent
cross-mission comparisons and bridge gaps between baselines
and sensitivities. In addition, ground-based surveys such as
NGTS (Wheatley et al. 2018) and Evryscope (Law et al. 2015)
can complement space missions by monitoring large samples of
stars over long timescales. While their photometric precision is
generally lower than that of space telescopes such as CHEOPS
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and Kepler, NGTS can achieve a precision comparable to TESS
when operating in multi-telescope mode for selected targets.
Their wide-field, high-duty-cycle observations also provide valu-
able statistics on the most energetic flares (Howard et al. 2019;
Jackman et al. 2021). Combining FFDs from various missions
would also provide a preliminary step ahead of the upcoming
PLATO mission. PLATO will further improve our understand-
ing, thanks to its wide sky coverage, multi-year observational
baselines, high cadence, and precise photometry (Rauer et al.
2025). We expect PLATO to increase the number of detected
flares across the full energy range, help separate observational
limitations from the intrinsic flare generation, and better inform
studies of planetary atmospheres.

5. Conclusion

We investigated the FFDs of M dwarf stars using complemen-
tary datasets from TESS and CHEOPS. By combining the long
TESS baselines with the high photometric precision and cadence
of CHEOPS, we extended the dynamic range over which stellar
flares can be detected and characterised. This allowed us to probe
both the low- and high-energy regimes of the FFD with greater
accuracy than single-mission studies.

We developed a comprehensive flare-analysis pipeline
including detection, decomposition, injection-recovery tests,
and corrections of flare frequency and bolometric energy.
This enabled us to construct FFDs based on ED and bolo-
metric energy while accounting for observational biases and
instrument-specific sensitivities. Our results show that ED-based
FFDs are well described by a power law, consistent with expec-
tations from flare scaling laws. However, when converted into
bolometric energy, the FFDs deviate from a simple power law
due to the convolution with the lognormal luminosity distribu-
tion of the sample.

We found that a truncated power law with a slope change
around 10% erg provides the best fit to Eyg-based FFDs, though
statistical significance was achieved only at p value <0.1. This
reflects two key features of the distributions. First, the appar-
ent flattening at low energies, which has previously motivated
the use of lognormal models, is shown here to result from
observational biases of low-energy flares. After correcting for
these effects and combining TESS and CHEOPS, we show
that the resulting FFDs follow a power law up to ~10% erg.
Beyond this threshold, the distribution deviates from a pure
power law. After conducting stabilised Kolmogorov—Smirnov
and exceedance tests, we attribute this deviation to limited
sampling of the most energetic events.

The implications of these findings are twofold. First, for
exoplanet habitability, a truncated power law suggests that
superflares, though impactful, occur less frequently than previ-
ously assumed under pure power law extrapolations. This could
slightly relax concerns about atmospheric erosion and biologi-
cal sterilisation on planets orbiting active M dwarfs. Second, for
future missions, our corrected and extended FFDs provide more
realistic inputs for flare recovery simulations, improving mission
planning and sensitivity estimates.

Ultimately, this study demonstrates the value of combin-
ing multiple missions to overcome single-dataset limitations and
improve our understanding of stellar flare statistics. As future
missions such as PLATO become operational, offering longer
baselines and improved precision, remaining uncertainties (espe-
cially at the highest energies) can be further constrained, refin-
ing models of stellar activity and its broader astrophysical
implications.
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Data availability

Table A.1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/708/A302.
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Appendix A: Target table
Appendix B: Additional complex flare decompositions
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Fig. B.1: Additional fits of complex flares. The panel titles indicate the star, the detecting mission, and the observational cadence for each event. The
observed light curve is plotted in black, with the fitted flare components overplotted in colour. The colours carry no physical meaning and simply
indicate the order in which components were added during the fitting, which depends on the specific flare shape. The residuals corresponding to

each fit are displayed below the light curves.
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Appendix C: FFDs, fits and tests for the most active subsample
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Fig. C.1: Same as Figure 11, but for the active subsample.
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Fig. C.2: Same as Figure 12, but for the active subsample. We note a deviation from a power law at high EDs in both the observed (first panel)
and corrected (second panel) distributions, which was not visible considering the full sample. We attribute this deviation to a sampling bias that
becomes noticeable at high EDs when the number of targets is reduced. The uncorrected observational bias at low EDs in the observed distribution
leads to a preference for a lognormal fit over a power law, representing the only difference from the conclusions drawn using the full sample. The

obtained truncation thresholds obtained are #;, = 6.0 X 10*2 and t, = 2.0 x 10* erg.

A302, page 14 of 15



Poyatos, J., et al.: A&A, 708, A302 (2026)

Table C.1: Same as Table 1, but restricted to the active subsample.

FFD Power law Lognormal Truncated Rpp prL R.r pir Rpr per
TESS (ED) a=1.70 u =045 0=0.57 - -840 < 0.001 - -

TESS corr. (ED) a=1.67 u=0.77, c=0.59 - -11.59 < 0.001 - -

CHEOPS (ED) a=163 u=-18.60, o =3.86 - -0.72 0.047 - -

CHEORPS corr. (ED) a=180 pu=-15.85 c0=3.09 - -0.14 0.089 - -

TESS (bol. E) a =147 u=3282, c=0.71 - -2.00 0.126 - -

TESS corr. (bol. E) a=148 u=3284, 0 =093 - 10.03 0.041 - -

CHEOPS (bol. E) a=143 u=3127,0=0.76 - -0.95 0.089 - -

CHEORPS corr. (bol. E) a=1.58 u=30.67, o =1.05 - 2.76 0.099 - -

Combined (ED) a=179 u=-091, c=1.79 - 7.16 0.045 - -

Combined corr. (ED) a=180 pu=-19.33, 0 =3.63 - -6.40 0.078 - -

Combined (bol. E) a=1.53 u=3214,0=125 ay =120, a5, =178 240 0.016 1.44 0.015 3.85 0.012

Combined corr. (bol. E) @ =1.63 n=2891,0=170 ay =159, a., =349 -0.77 0443 099 0.032 0.22 0.042
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Fig. C.3: Same as Figures 13, but for the active subsample. In the left and middle panels, red and blue lines correspond to the best-fit infinite and
truncated power laws, respectively. We observe a deviation from the infinite power law at high percentiles, which the exceedance test indicates is
caused by limited sampling.
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