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Sun-like stars produce superflares roughly once
per century
Valeriy Vasilyev1*, Timo Reinhold1, Alexander I. Shapiro1,2, Ilya Usoskin3,4, Natalie A. Krivova1,
Hiroyuki Maehara5, Yuta Notsu6,7, Allan Sacha Brun8, Sami K. Solanki1, Laurent Gizon1,9

Stellar superflares are energetic outbursts of electromagnetic radiation that are similar to solar flares
but release more energy, up to 1036 erg on main-sequence stars. It is unknown whether the Sun
can generate superflares and, if so, how often they might occur. We used photometry from the Kepler
space observatory to investigate superflares on other stars with Sun-like fundamental parameters.
We identified 2889 superflares on 2527 Sun-like stars, out of 56,450 observed. This detection rate
indicates that superflares with energies >1034 erg occur roughly once per century on stars with
Sun-like temperature and variability. The resulting stellar superflare frequency-energy distribution
is consistent with an extrapolation of the Sun’s flare distribution to higher energies, so we suggest
that both are generated by the same physical mechanism.

S
olar flares are sudden local bursts of
bright electromagnetic emission from
the Sun, which release a large amount of
energy within a short interval of time
(1). The increase in short-wavelength

solar radiation during flares influences Earth’s
upper atmosphere and ionosphere, sometimes
causing radio blackouts and ionosphere den-
sity changes (2). Solar flares are frequently ac-
companied by the expulsion of large volumes
of plasma, known as coronal mass ejections
(CMEs), which accelerate charged particles to
high energies. When these solar energetic par-
ticles (SEPs) reach Earth, they cause radiation
hazards to spacecraft, aircraft, and humans.
Extreme SEP events can produce isotopes,
called cosmogenic isotopes, when high-energy
particles interact with Earth’s atmosphere.
These isotopes are then recorded in natural
archives, such as tree rings and ice cores (3, 4).
The total amount of energy released by each
flare varies by many orders of magnitude, as
determined by a complex interplay between
the physical mechanisms of particle acceler-
ation and plasma heating in the Sun’s atmo-
sphere (5).

Solar flares have been observed for less than
two centuries. Although thousands of them
have been detected and measured (6–8), only
about a dozen are known to have exceeded a
bolometric (integrated over all wavelengths)
energy of 1032 erg (9, 10). Among them was
the Carrington Event on 1 September 1859
(11, 12), whichwas accompanied by a CME that
had the strongest recorded impact on Earth.
Modern estimates of the Carrington Event’s
total bolometric energy are 4 × 1032 to 6 ×
1032 erg (13, 14).
It is unknown whether the Sun can unleash

flareswith even higher energies, often referred
to as superflares, and if so, how frequently that
could happen. The period of direct solar ob-
servation is too short to reach any firm con-
clusions. There are two indirect methods to
investigate the potential for more intense
flares on the Sun. One method uses extreme
SEP events recorded in cosmogenic isotope
data (10, 15), which have been used to quantify
the occurrence rate of strong CMEs reaching
Earth over the past few millennia (4). There
are five confirmed (and three candidate) ex-
treme SEP events that are known to have oc-

curred in the past 10,000 years (4), implying
amean occurrence rate of ∼10−3 year−1. How-
ever, the relationship between SEPs and flares
is poorly understood, especially for the stron-
ger events (10).
A second method is to study superflares on

stars similar to the Sun. If the properties of
the observed stars sufficiently match the Sun,
the superflare occurrence rate on those stars
can be used to estimate the rate on the Sun.
Studies using this method have indicated that
superflares with energies of about 1034 erg
occur with a frequency of ∼(1.25 ± 0.87) × 10−3

year−1 on Sun-like stars (16); all uncertainties
are 1s. However, other studies have found
substantially lower occurrence rates, probably
because of differences in the selection of stars
with Sun-like rotation rates (17, 18). For ex-
ample, one study (18) found 26 flares on 15
Sun-like stars (out of 1641 observed), imply-
ing an occurrence rate of ∼(3.33 ± 1.25) × 10−4

year−1 for a 7 × 1033 erg superflare.
Those previous studies were limited to stars

with known rotation periods (19). However,
the majority of stars with measurable rotation
periods are much more variable than the Sun
(20), potentially biasing the results. Detecting the
rotation period of a Sun-like star is challenging
using standardmethods (21, 22). Therefore, the
stars that are most similar to the Sun would
have unknown rotation periods and thus were
excluded from previous flare studies.
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Fig. 1. Example superflare light curve.
(A) Observed light curve of the Sun-like
star KIC 8183083 (blue dots) and the
same data smoothed with a 7.5-hour
window (red curve). The vertical dashed
lines enclose a superflare identified by
our automated algorithm. (B) Zoom
into the region between the dashed
lines in (A). Star symbols indicate data
points >5s above (dashed red line)
the smoothed light curve. The
uncertainties in the flux values
are smaller than the size of
the data points.
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Kepler observations of superflares
We searched for superflares on Sun-like stars
observed by the Kepler space telescope. We
chose to include stars with unknown rotation
periods in the analysis (23). Our sample con-
sists of main-sequence stars with near-solar
fundamental parameters, selected on the basis
of effective temperatures 5000 K < Teff < 6500 K
and G-band absolute magnitudes 4mag <MG <
6 mag taken from the Kepler archive (24),
supplemented with data from Gaia Data Re-
lease 3 (DR3) (25). For context, the Sun has an
effective temperature T⊙

eff ¼ 5780 K and an ab-
solute magnitude M⊙

G ¼ 4:66mag. We used
Gaia astrometry to exclude unresolved binary
systems with semimajor axes greater than 0.1
astronomical units (23, 26). We excluded stars
with known rotation periods shorter than
20 days (23) using a rotation period catalog

(27). These stars are probably younger than
the Sun (which has a rotation period of 25 days)
and therefore more active, resulting in a higher
flare frequency, which could bias the measured
superflare frequency.
We applied an automated flare detection

algorithm (28) to these stars. The method uses
a combined analysis of the light curve (ob-
served stellar brightness as a function of time)
and images to identify flare locations on the
detector with subpixel precision. All stars in
our sample were observed by the Kepler mis-
sion with a 30-min exposure time, so a typical
superflare profile consisted of only a few data
points (Fig. 1). To detect superflares with high
statistical confidence, we searched for events
with at least two consecutive data points that
exceed the background by at least a 5s thresh-
old. Each data point in the stellar light curve

corresponds to the photon flux integrated over
a particular pixel mask around the target star.
In some cases, the light curve is affected by
events not related to the target star, such as
cosmic rays, flares on (un)resolved background
stars, and minor Solar System bodies passing
through the field of view. Although we expect
such contamination to be rare, it might strong-
ly affect the flare statistics of starswith low flare
occurrence rates. Therefore, we additionally
analyzed the images (23) corresponding to the
first two data points exceeding the 5s thresh-
old in each light curve to spatially localize the
flare source (Fig. 2). Our algorithm fits amodel
of a point source to those images and localizes
the flare on a subpixel level. If the target Sun-
like star resides within the 99.9% confidence
ellipse of the probable flare location, we at-
tribute the flare to that star.

Fig. 2. Spatial localization of the example superflare. (A) Kepler image of the same flare on KIC 8183083 as in Fig. 1 during the maximum flare light. (B) The same
flare 30 min later. Grayscale (see color bar) indicates the flux in each pixel during the flare. The blue outlines indicate the four pixels used to extract the light
curve (shown in Fig. 1), and the cyan star is the catalog position of the star (25). The orange ellipses indicate the 68, 95, and 99.9% confidence levels obtained
by fitting a model of a point source to those images. The star is located within the 99.9% confidence contour in both images, so we attribute the flare in the light curve
to this target.

Fig. 3. Frequency-energy
distribution of stellar flares.
The thick blue histogram shows
the flare frequency—the number
of flares per star per year
per unit energy—of all stars in
our full sample as a function
of the flare energy. The thick
orange histogram shows
the results for our sample
with tighter selection cuts
(effective temperatures 5500 to
6000 K and variabilities Rvar <
0.3%). The thin blue and thin
orange curves show the same
distributions after correction for the missing low-energy flares caused by the detection threshold (23). The error bars on each histogram bin show 1s uncertainties (23).
Results from previous studies are shown as pink circles (17) and squares (18). The black horizontal error bar indicates the typical 1s uncertainty in stellar flare energy.
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We examined the light curves of stars with
multiple flares to exclude potential contam-
ination of our sample by fast rotators (23) that
were not reported in the catalog (27). In total,
we analyzed 56,450 stars, of which 39,347 stars
had unknown rotation periods and 17,103
had measured rotation periods (27); from
that sample, we identified 2889 flares on 2527
stars. The bolometric flare energies range
from ∼1033 to ∼1036 erg (23). With 4 years
of observations for each star, our full sam-
ple corresponds to ≈220,000 years of stellar
activity—roughly 18 times longer than the cos-
mogenic isotope record of the Sun [which covers
≈12,000 years (4)].

Flare frequency distribution

We determined (23) the flare frequency as a
function of the flare energy, E, to quantify the
number of flares per star per year per unit of
energy. Figure 3 shows our calculated stellar
flare frequency, and Fig. 4 shows its associated
cumulative distribution. Above 1034 erg, the
stellar superflare frequency decreases with
energy, roughly following a power law, ∼E−a,
where a is the power-law exponent. Fitting a
power law model to the cumulative distribu-
tion gives a = 1.97 ± 0.30 (Fig. 4).
Our measured frequency of stellar super-

flares with energies <1034 erg is incomplete,
because their signal-to-noise ratios could fall
below our detection threshold (23, 28). For the
Sun, the cumulative distribution of flares also
follows a power law (8, 29), with a = 1.399 ±
0.056 (23) over a lower energy range (1029 to
1033 erg). Although the solar and stellar mea-
surements do not overlap in energy, an ex-
trapolation of the solar flare frequency dis-
tribution to higher energies is consistent with
the stellar superflare frequency distribution
(Fig. 4).

The cumulative distribution of stellar super-
flares indicates that Sun-like stars with effec-
tive temperatures between 5000 and 6500 K
generate superflares with energies greater than
1034 erg with a frequency of (8.63 ± 0.20) × 10−3

year−1. This stellar sample includes stars both
slightly cooler and warmer than the Sun as
well as stars that are currently more variable
than the Sun has been at any point in the
past 140 years (20). We quantified the stellar
variability using the variability range Rvar,
computed as the difference between the 95th
and 5th percentiles of the fluxes in a light
curve, which are sorted in increasing order
and normalized by their median (20, 30, 31).
We found that narrowing the stellar sample to
stars more similar to the Sun—temperatures
5500 to 6000 K and variabilities within the
solar range, Rvar < 0.3% (20)—had very little
effect on the superflare frequency (Fig. 4).
Further narrowing this sample to stars with
known rotation periods reduced the number
of stars by almost a factor of six but had mini-
mal impact on measured flare frequency.
Table 1 lists ourmeasured flare frequencies for
three different sample selection cuts, along
with the Sun for comparison.

Comparison to previous results

Previous studies of stellar superflares (17, 18, 32)
also found that the flare frequency follows a
power law as a function of energy. However,
those studies found frequencies approximate-
ly two orders of magnitude lower than our
measurements (Fig. 3), inconsistent with an
extrapolation of the solar flare distribution
to higher energies.We attribute this difference
to three main factors:
1) Our method accounts for possible con-

tamination by flares on background stars,
cosmic rays, and minor Solar System bodies.

We therefore did not need to restrict our
stellar sample to isolated stars (those with-
out nearby background sources). Previous
studies (18, 32) excluded ∼70% of Sun-like
stars from their analysis for this reason. Re-
moving this requirement allowed us to use a
larger sample size.
2) Previous studies used a higher flare de-

tection threshold in their light curve analysis
to exclude background events (32). We ex-
pected our algorithm for subpixel localization
of flares in the Kepler images to filter out those
background events, so we set a lower flare de-
tection threshold of a 5s peak in the light curve.
3) Previous studies (33) argued that very

large star spots, with an area of >10−2 of the
stellar hemisphere, are required to generate
superflares. They expected such large star spots
to produce large photometric variability, suf-
ficient to determine the rotation period. Pre-
vious studies therefore assumed that stars with
unknown rotation periods (∼84% of those with
Sun-like effective temperatures) are inactive
and excluded them from their samples. Our
analysis identified 1941 superflares that oc-
curred on stars with unknown rotation pe-
riods and low variability (Rvar < 0.3%) (23),
which would have been excluded from previ-
ous studies. The low photometric variability
of those stars does not imply the absence of
large star spots. Photometric variability is
strongly affected by the nonaxisymmetry of
the surface spot distribution (34, 35), stellar
inclination angles (36), and bright facular fea-
tures that can reduce photometric variability
by compensating for spot contribution (37, 38).
We discuss these differences in more detail in
the supplementary text in the supplementary
materials. This combination of factors means
that we measured a higher stellar superflare
frequency than previous studies (Fig. 3).

Fig. 4. Cumulative frequency-
energy distributions of
solar and stellar flares. The
orange and blue histograms
show cumulative data for the
same samples as in Fig. 3.
The black dashed line is a
power law function fitted to
the distribution of stellar flares
with energies >1034 erg. The
green histogram shows the
cumulative distribution of flares
on the Sun between 1986 and
2020 (8, 23). The green dashed
line is an extrapolation from
the distribution of solar flares
with energies 1030 to 1032 erg.
The green squares indicate
the cumulative distribution of
extreme SEP events on the Sun inferred from cosmogenic isotopes (10). The black horizontal error bar indicates the typical 1s uncertainty in stellar flare energy.
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Implications for the Sun
We found that Sun-like stars produce super-
flares with bolometric energies of >1034 erg
roughly once per century. That is more than
an order of magnitude more energetic than
any solar flare recorded during the space age,
which spans about 60 years. Between 1996
and 2012, 12 solar flares had bolometric en-
ergies of >1032 erg, but none were >1033 erg
(9). The most powerful solar flare recorded
occurred on 28 October 2003, with an esti-
mated bolometric energy of 7 × 1032 erg (9, 39),
which exceeds estimates for the Carrington
Event (4 × 1032 to 6 × 1032 erg) (13, 14). We also
found that ourmeasured stellar superflare fre-
quency and the solar flare distribution extrap-
olated to higher energies are consistent with
each other, having similar power law distribu-
tions and indices a, which might indicate a
shared (super)flare generation mechanism.
The number of extreme SEP events identi-

fied in the cosmogenic isotopes record of the
past 12 millennia (40) is substantially lower
than that implied by the superflare frequency
of the Sun from either the extrapolation of
solar flare data or our stellar superflare mea-
surements (Fig. 4). It is unlikely that extreme
SEP events have been overlooked in cosmo-
genic isotope data (41), so this inconsistency
could be due to the indirect connection be-
tween SEP events and superflares. The rela-
tionship between the energies of SEP events
and superflares is highly uncertain (10) (see
supplementary text). It is possible that super-
flares are rarely accompanied by extreme SEP
events, as has been found for lower-energy
solar flares (42).
We cannot exclude the possibility that there

is an inherent difference between flaring and

nonflaring stars that was not accounted for by
our selection criteria. If so, the flaring stars in
the Kepler observations would not be repre-
sentative of the Sun. Approximately 30% of
flaring stars are known to have a binary com-
panion (17, 23). Flares in those systems might
originate on the companion star or be trig-
gered by tidal interactions. If, instead, our
sample of Sun-like stars is representative of
the Sun’s future behavior, it is substantially
more likely to produce a superflare than was
previously thought.
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