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ABSTRACT

Context. Although late-type dwarfs and giant stars are substantially different, their flares are thought to originate in similar physical
processes and differ only by a scale factor in the energy levels. We study the validity of this approach.
Aims. We search for characteristics of flares on active giants, which might be statistically different from those on main-sequence stars.
Methods. We used nearly 4000 flares of 61 giants and 20 stars of other types that were observed with Kepler in long-cadence mode,
which is the only suitable database for this comparative study. For every flare, we derived the duration and energy and gathered stellar
parameters. Correlations between the flare characteristics and various stellar parameters were investigated.
Results. Strong correlations are found between the flare duration and the surface gravity, luminosity, and radii of the stars. Scaled
flare shapes appear to be similar on giants and dwarfs with a 30 min cadence. The logarithmic relation of flare energy and duration is
steeper for stars with lower surface gravity. Observed flares are longer and more energetic on giants than on dwarfs on average.
Conclusions. The generalized linear scaling for the logarithmic relation of flare energy and duration with a universal theoretical slope
of ≈1/3 should slightly be modified by introducing a dependence on surface gravity.

Key words. stars: activity – stars: late-type – stars: flare

1. Introduction

Flaring is a common feature of stars with magnetic activity
throughout the Hertzsprung–Russell diagram (HRD), as has
been reported decades ago; see Pettersen (1989). Historically, in
addition to the Sun, the first discovered flaring stars were red
dwarfs from the lower main sequence (MS) and pre-MS stars.
Although it was known from the beginning that evolved stars
also exhibit flares, the reported events were mostly incidental
and their numbers were low, especially from photometry in the
optical wavelengths. During their evolution, stars spend much
less time as giants with a changing internal structure and energy
production than on the MS, therefore the possible targets for
studying their flaring activity are limited. The probable reasons
of the scarcity of observed flares on giant stars are discussed
in detail in Oláh et al. (2021, hereafter Paper I). They include
the impossibility of continuous monitoring from the Earth, the
limited signal-to-noise ratio of the ground-based photometry, the
rarity of flares and their poor visibility as excess light above the
high luminosity of the giant stars.

With the advent of high-precision space photometry, Balona
(2015) published a brief summary of flaring stars on the HRD
based on Kepler long- and short-cadence observations. In Paper I
we studied the available long-cadence Kepler observations and
found that 61 giants of the ≈700 giant candidates (with a loga-
rithmic surface gravity log g ≤ 3.5) are confirmed to be flaring
in the Kepler field. The vast majority of stars on the giant branch

⋆ Full Tables 1 and 2 are only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/668/A101
⋆⋆ Bolyai János Research Fellow.

were found to be oscillating stars, and only a few exceptions show
flares and oscillations at the same time.

The temporal evolution of flares has been studied since
observations with sufficient time resolution existed. A correla-
tion of flare timescales and absolute visual magnitudes on late-
type dwarf stars was shown by Kunkel (1973, see their Fig. 5),
nearly half a century ago. The relation between flare timescales
of stars with different subtypes of well-studied M dwarfs was
given by Pettersen et al. (1984, their Fig. 9). A short descrip-
tion of previous works about flare shapes is found in Davenport
et al. (2014), who provided the most widely used flare template
for M dwarfs based on the 1 min Kepler light curve of GJ 1243.
Due to the lack of sufficient data about flares of giant stars, no
investigation has been undertaken so far to characterize their
flares, which occur under different conditions, such as differ-
ent stellar structures, magnetic structures, and atmospheres after
the MS with developing hydrogen-burning shells and expanding
atmospheres of lower densities.

While Paper I mostly dealt with the number of flaring giant
stars and flare frequency diagrams of the 19 strongest flaring
giants, the present work aims to study the flares themselves. In
Sect. 2 the available data and the methods we used are presented,
the results are found in Sect. 3, followed by discussions in Sect. 4,
and the conclusion are given in Sect. 5.

2. Data and methods

To study the characteristics of the flares, we measured some
basic parameters of the light curves. First, using the flare times
from Paper I, we extracted one-day-long regions around the
flare peaks. Then we fit the quiescent flux variation with a
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Fig. 1. Example of the extraction procedure. Left panels: original
dataset. The dark blue line shows the polynomial fit to the quiescent
region, marked with light blue points. Right panels: extracted flares and
the template that was used to scale the time (red line). Black points show
the original data points, and light blue points show the interpolated
light curve.

low-order polynomial, with the order determined by the Bayesian
information criterion (BIC), similar to the treatment in Vida et al.
(2021). This fit excluded the region between the start and end
times of the flare, and applied a 4σ clipping. After subtracting
this trend, shifting the peak time to zero, and scaling the flux by
the flare peak, we fit each flare with the analytical template of
Davenport et al. (2014), leaving only the t1/2 time scale as free
parameter, which is the width of the template at half maximum,
an easily measurable proxy of the flare duration characterizing
the impulsive phase of the flare (Kowalski et al. 2013). We note
that the 30 min cadence might not resolve the eventual complex-
ity of flares, so we fit every flare only with the single-peaked
template. However, it is important to note that the template was
only used to rescale the flares in a homogeneous way, so that
the different time resolution with which the template was cre-
ated did not cause further problems. We then scaled each flare
with the fitted t1/2, and linearly interpolated them to a uniform
time grid of 200 bins from −3 t1/2 to 10 t1/2. Two examples for
the flare extraction are shown in Fig. 1. With these scaled flares,
the intrinsic flare shapes can be studied. For the shortest events
from Paper I, this procedure did not work because the number
of datapoints was too small, therefore we omitted these flares
from further analysis. To investigate the correlation between flare
energy and flare duration, we took the raw integrated flare area
(equivalent duration) and the fitted flare duration values (this lat-
ter marked by τ, i.e., the difference between fitted flare start and
end times) from Paper I, as the output of the FLATW’RM flare
finding tool (Vida & Roettenbacher 2018).

Flare energies were calculated by multiplying the equiv-
alent duration of each flare with the quiescent luminosity of
the corresponding host star in the Kepler bandpass. To cal-
culate the quiescent luminosities, we convolved BT-NextGen
(Hauschildt et al. 1999) model spectra1 with the transmission
curve of Kepler, similar to the treatment in Seli et al. (2021).

1 Retrieved from http://svo2.cab.inta-csic.es/theory/
newov2/ on a grid with Teff between 2600 and 9000 K with steps of

Then, by integrating over the whole wavelength range, the ratio
of the Kepler band and bolometric luminosities can be calcu-
lated. For each star, we thus used a model spectrum with the
corresponding Teff and log g, and then used the bolometric lumi-
nosity of the star to obtain the quiescent luminosity in the Kepler
band. All these astrophysical parameters, along with M masses,
R radii, and [Fe/H] metallicity values, were taken from Berger
et al. (2020), which is a homogeneous catalog of fundamental
parameters of Kepler stars, based on Gaia DR2 parallaxes. We
note that the derived flare energies used in the present paper
and those from Paper I assuming blackbody temperatures give
very similar results. Five stars from Paper I (Table B.1) had no
available parameters. We omitted them from the further anal-
ysis. Fundamental parameters of the stars used in the present
paper and their flare parameters are given in Table 1 and Table 2,
respectively.

We visually checked all the available flare events to iden-
tify the obviously complex events with multiple peaks. As a
result, the ratio of complex flares appeared to be ∼10% for both
dwarfs and giants, while it is ∼30% for the seven giant stars from
Fig. 2, that is, those stars that have a median t1/2 > 3 h. Due
to the low cadence, these estimates are probably lower limits.
For comparison, on the active M-dwarf star GJ 1243, Davenport
et al. (2014) found 15.5% complex events from more than 6000
observed flares.

For a statistical study of flare morphology, it would be ideal
to have higher cadence than the 30 min available for the Kepler
dataset. One option would be to use the 1 min Kepler short-
cadence light curves, but they are only available for six stars from
our sample and only for one quarter each.

3. Results

3.1. Duration of flares on dwarfs and giants

The easiest parameters to measure from a flare light curve are
the amplitude, duration, and the integrated area of the flare. The
flare amplitude is heavily affected by the observing cadence,
while the other parameters are more robust in this regard. The
integrated area is applied to calculate the energy released during
the flare event, which is often used to create flare frequency dis-
tributions. However, the flare duration is not discussed in such
detail in the literature. It has already been suggested by Pettersen
et al. (1984, see their Eq. (19)), that the time elapsed from flare
maximum to a reduced intensity halfway between maximum and
quiescence (which is similar to t1/2) is related to the log g sur-
face gravity of M dwarfs. We aim to extend this relation to lower
gravities. Balona (2015) briefly mentioned that the longest flares
from Kepler short-cadence data tend to belong to giant stars, but
did not suggest a unique relation.

We searched for connections between the flare timescale
parameter t1/2 and astrophysical parameters of the stars. We note
that flare parameters obtained from long- and short-cadence data
show reasonable agreement in the very few cases when both
cadence data were available; see examples in Kővári et al. (2020,
their Fig. 7 and Table 3). The resulting diagrams are shown in
Fig. 2. The upper left panel shows a strong correlation between
the median t1/2 of stars with log g. Luminosities (L) and radii (R)
are naturally interrelated with log g, while no strong connection
is found between the t1/2 flare parameter and Teff temperature,
M mass, or [Fe/H] metallicity. The formal Spearman correlation

100 K, and log g between 1.0 and 5.5 dex with steps of 0.5 dex, for solar
metallicity.
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Table 1. Parameters of the 86 stars. Stellar parameters are from Berger et al. (2020), and the luminosity class is from Paper I.

KIC Teff [K] log g [Fe/H] M[M⊙] R[R⊙] L[L⊙] Lum. class τ̃ [min] Num. flares

3561372 4699 2.85 −0.14 0.90 5.96 15.70 giant 488.6 25
4068539 4914 3.54 −0.01 1.08 2.92 4.53 giant 261.6 78
4157933 5252 3.48 0.02 1.72 3.95 10.76 giant 288.4 112
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes. The columns give the KIC number, Teff effective temperature, log g surface gravity, [Fe/H] metallicity, M mass, R radius, L luminosity,
luminosity class, τ̃ median duration, and the number of flares per star. The full table is available at the CDS.

Table 2. Parameters of the 4368 flare events.

KIC tpeak [BJD] t1/2 [min] τ [min] ED [min] EKepler [erg] Type

11970692 145.8566 103.7 386.4 0.29 1.10 × 1035 Simple
11970692 157.6268 220.7 806.8 5.44 2.08 × 1036 Simple
11970692 177.4275 241.5 1135.2 7.60 2.91 × 1036 Complex
. . . . . . . . . . . . . . . . . . . . .

Notes. The columns give the KIC number, the tpeak peak time, t1/2, τ duration, ED equivalent duration, EKepler energy, and the type of the flares.
The full table is available at the CDS.
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Fig. 2. Change in the t1/2 flare duration proxy with log g surface gravity, L luminosity, R radius, Teff effective temperature, M mass, and [Fe/H]
metallicity, for the Kepler 30 min sample of flaring stars from Paper I. Each dot represents the median t1/2 value of the observed flares for a given
star, and the corresponding dot size is proportional to the number of flares. The scale is shown in the upper left panel. The blue lines and shades
show the running median and the 16th to 84th percentiles, respectively.

coefficients and p-values are summarized in Table 3. While L,
R, and log g show strong correlations with t1/2, the correlations
with Teff , M, and [Fe/H] are only weak or moderate. The p-values
are orders of magnitude lower for the strong correlations than for
the rest.

Seven stars (KIC 2441154, 2585397, 2852961, 3560427,
8515227, 11087027, and 11962994) form a well-separated group
with the longest median t1/2 above three hours. They belong to
the stars with the highest luminosities and radii of the sample,
whereas their temperature, mass, and metallicity values span a
large range. Figure 3 shows the positions of the stars on the

HRD, where these seven stars lie near the red clump on the
red giant branch. We note that three of these seven stars are
members of binary or multiple systems (Paper I). Leaving these
seven stars out when calculating the correlation coefficients of
Table 3 would change the results only slightly, by less than 5%,
with a similar difference of the p-values between the strong
and weak or moderate correlations as in Table 3. The correla-
tions are found to be similar when instead of t1/2, we use the
flare duration τ from Paper I. These correlations are plotted in
Fig. A.1, and the correlation coefficients are given in Table 3
as well.
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Table 3. Spearman correlation coefficients with t1/2 and τ duration of
the flares with data averaged for each star; see Figs. 2 and A.1.

t1/2 τ

Parameter Correlation p-value Correlation p-value
coefficient coefficient

log g −0.83 8.8 × 10−22 −0.70 5.8 × 10−13

L +0.76 1.5 × 10−16 +0.67 1.0 × 10−11

R +0.81 7.2 × 10−20 +0.69 7.2 × 10−13

Teff −0.34 2.2 × 10−3 −0.15 1.9 × 10−1

M +0.43 5.8 × 10−5 +0.46 1.5 × 10−5

[Fe/H] −0.46 1.6 × 10−5 −0.44 4.3 × 10−5
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Fig. 3. HRD of the Kepler field with effective temperatures and lumi-
nosities from Berger et al. (2020). Blue dots show our sample, and dark
blue squares show the seven stars whose median t1/2 is longer than 3 h.

2 0 2 4 6 8 10
t [t1/2]

0.0

0.2

0.4

0.6

0.8

1.0

no
rm

al
ize

d 
flu

x

giants
dwarfs

Fig. 4. Median shapes of simple flares on giants and dwarfs from the
Kepler 30 min sample, shaded between the 16th and 84th percentiles.

3.2. Flare shapes on dwarfs and giants

Figure 4 shows the scaled shapes of simple flares on giants and
dwarfs from the sample. Leaving out the manually selected com-
plex events, we are left with 2395 flares on giants, and 1118 flares
on dwarfs. The overall shapes are similar with the available long-
cadence data, and we argue that the slight difference is an artifact
caused by the different flare duration distributions (see the upper
left panel of Fig. 2) because the flare shapes are sampled scarcely
due to the low cadence, and one or two points of difference can
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Fig. 5. Median flare shapes after correcting for the different t1/2 dis-
tributions, and leaving out the complex flares. Left: scaled flare shapes
and differences for an illustrative random permutation of the sample.
Right: distribution of the sum of squared differences from 10 000 ran-
dom resamples. The vertical line denotes the measured value from
the original.

alter the scaled shapes. Because flares on giants tend to be a few
points longer, the interpolated flare shapes can therefore slightly
be different.

To correct for the discrepancy between the t1/2 distributions,
we resampled the flares in 0.1 hour bins of t1/2 to have the same
number of flares on dwarfs and giants in each bin. Then, using
this modified dataset, we calculated the sum of squared differ-
ences between the scaled and interpolated flare shapes averaged
for giants and dwarfs as a similarity metric. We repeated this
after resampling the dataset 10 000 times, mixing dwarfs and
giants randomly (see the left panel of Fig. 5 for an example).
The right panel of Fig. 5 shows that the resulting similarity
metric is near the peak of the distribution, therefore we can-
not reject the null hypothesis that dwarfs and giants have similar
flare shapes. In conclusion, flares last longer on giants, but their
scaled shapes are similar to the flare shapes of dwarfs with the
available 30 min observing cadence. See Appendix B for a test
with a mock dataset with a significant difference in flare shapes.

3.3. Flare energy–duration relation at different evolutionary
states

The observed flare energies span about two orders of magni-
tude on each star (see, e.g., Paper I, and Ilin et al. 2019). The
detectability of the low-energy flares depends on the background
brightness of the star and the signal-to-noise ratio and cadence of
the observations, while high-energy flares appear less frequently,
and the limited time-base of the data limits their number. Flare
energies and durations are interrelated, as has been shown for a
few MS stars including the Sun; see Maehara et al. (2021, their
Fig. 14) and references therein, and for KIC 2852961 in Kővári
et al. (2020, their Fig. 16).

The left panel of Fig. 6 shows the relation between the EKepler
flare energy and the τ flare duration for stars with ten flares
at least in a log-log plot. The linear fits to the data of indi-
vidual stars suggest an overall nonlinear picture, namely, the
slopes of the fits look steeper for stars that show higher-energy
flares, in this case, the giants. The slopes of the fitted logarithmic
energy–duration functions indeed show a moderate correlation,
with log g with a Spearman correlation coefficient of −0.58 with
p = 1.4 × 10−6; see Fig. 6 right panel.

4. Discussion

In Sect. 3.1 we showed that among the available astrophysi-
cal parameters, log g and radius show the strongest correlations
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at least are included. Right: slopes of the fitted lines from the left panel as a function of log g. Error bars show the uncertainties of the slopes, and
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with flare duration. We can estimate the duration τ of a flare
by the time it takes for Alfvén waves to cross the flare source
region, namely τ = ℓ/vA, where ℓ ∼ R, as the length of the loop
(ℓ is the length scale of a flare) scales with the radius of the
star (according to Mullan et al. 2006, their Figs. 1–2, the ℓ/R
is about unity for MS stars, while for evolved stars, this ratio
can be much higher, reaching a few times the stellar radii; see
Sasaki et al. 2021 and references therein), and vA = B/

√
µ0ρ

is the Alfvén velocity, where B is the magnetic field strength,
ρ is the density of the plasma, and µ0 is the permeability of
the vacuum. In the corona, the motion of the plasma is domi-
nated by the magnetic field, therefore the pressure is given by the
p ≈ pB = B2/2µ0 magnetic pressure. From the ideal gas equation
of state, ρ ∼ p ≈ pB ∼ B2, yielding τ ∼ R, so that the flare dura-
tion τ is proportional to the radius of the star. This is supported
by the findings in Sect. 3.1.

We showed in Sect. 3.2 that the shapes of flares are similar
for the stars at all evolutionary stages. Therefore, we can suspect
the same governing mechanism from the MS to the giant branch
for the low-mass stars (up to 2.0–2.5 solar masses) scaled by the
available magnetic energy and the size of the flaring region.

In Fig. 6 we find relatively longer durations for the most
energetic superflares than would be expected from durations
extrapolated from the less energetic flare regimes. A simple
explanation for the relatively longer durations might be that the
more energetic flares are measured to be longer because they
tend more frequently to be complex events. That is, more flaring
events overlap each other in time, and the corresponding dura-
tion is therefore inherently longer. Such events are discussed in
detail in Kővári et al. (2020, see their Sect. 6). Based on the 10%
occurrence rates for both dwarfs and giants except for seven stars
(see Sect. 2), however, we cannot argue that complex events are
more frequent among superflares. Nor could the relatively longer
duration of the superflares be attributed to the seven stars that
produce the longest flares because there are not many of them
(30% of the altogether 95 flares of these seven stars). The relation
is continuous with a moderate Spearman correlation coefficient
as shown in Sect. 3.3. Therefore, another explanation is needed.

It is likely that instead of the universal scaling law for the
flare energy–duration of τ ∝ E1/3 (Maehara et al. 2015) for solar
and stellar flares, another relation applies for the superflaring
giants. This feature is probably reflected in the higher slopes at
the high-energy regime of the logarithmic flare energy–duration

diagram (see Fig. 6). The generalized scaling law above can only
be used under the assumption that the Alfvén velocity around
the flaring region is more or less the same for the solar-type
stars, and this is unlikely to be the case for the superflaring
giants; see the Alfvén velocity-dependent scaling law suggested
in Namekata et al. (2017, their Eq. (9)). The actual exponent
of E in the observed τ − E relation depends on the wavelength
of the data and also on the method with which the flare ener-
gies were calculated and the flare lengths determined. See also
the discussions in Namekata et al. (2017). Our result show that
the observed τ − E relation is not the same for stars at different
evolutionary stages.

Except for the Sun, stars are observed as point sources, with
a very few exceptions of interferometric images. Thus, we have
only indirect information about the surface activity, spot pat-
terns, and the corresponding magnetism on stars; see Donati
& Landstreet (2009) for an excellent review. Aulanier et al.
(2013) applied model calculations using solar data to surfaces of
solar-like stars, which, although the underlying dynamos can be
different on giants and dwarfs, may give us some clues about the
possible scales of active areas with higher local magnetic fields
on giant stars, which might cause the higher energy and thus,
eventually, relatively longer flares.

We can compare the largest sunspot group ever reported
since the end of the nineteenth century (Aulanier et al. 2013,
their Fig. 3) with direct images of ζ And (Roettenbacher et al.
2016) andσGem (Roettenbacher et al. 2017), and also with many
indirect images on several giant stars (e.g., XX Tri; Strassmeier
1999), and find similarly large spotted areas to the model with
higher magnetic field. From the similarity of the modelled (see
Aulanier et al. 2013, their Fig. 4) and observed sizes of active
regions, we may suspect indeed stronger magnetic fields and per-
haps complex spot structures within, which may lead to more
energetic flares on the giant stars. Finally, we mention that Işık
et al. (2018) gave detailed model calculations for the radial mag-
netic field on solar-like stars with different rotation rates and
reported a higher level of activity and larger surface patterns for
higher rotational velocities. Extrapolating this to giant stars with
their higher rotational velocities (because their radii are several
times larger, but the rotational periods are in the order of the solar
one), we end up with larger active regions on giant stars, just as
observed. Işık et al. (2018) also suggested that their results might
indicate earlier toroidal flux amplification on more active stars,
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which leads to the shortening of the activity cycle, but because
flare energies are dependent on the magnetic energy accumulated
in the (later emerging) toroidal field by the dynamo process, this
might also mean that the time needed for the accumulation of
the necessary energy for a superflare is also shortened, leading
to more high-energy events.

5. Conclusion

A homogeneous dataset of flares on giants and dwarfs in the
Kepler field based on data with 30 min cadence was analyzed
with the goal to find a general picture of flaring giants and the
properties of their flares. We found that the observed flares are
longer and more energetic on giants than on dwarfs on average,
while the scaled flare shapes appear to be similar with the avail-
able cadence. However, a simple scaling between flare energies
and their corresponding durations seems inappropriate because
the logarithmic flare energy–duration relation is steeper for stars
with lower surface gravity.

We came to the conclusion that this discrepancy cannot be
explained by higher-frequency complex flares on giant stars.
Therefore, we need to assume that instead of the general scal-
ing law of τ ∝ E1/3, a slightly different scaling should be
applied for superflaring giant stars. In other words, the univer-
sal scaling should be modified by introducing a dependence on
surface gravity.

In the future, the full-frame images of the extended mis-
sion of the Transiting Exoplanet Survey Satellite (TESS) will
produce observations of flares with a better time resolution.
The continuous viewing zones of TESS would give especially
useful data for giant stars. The high-cadence observations of
brighter targets on a long-term basis would allow obtaining many
more details of flares on giant stars for preselected targets in
the PLAnetary Transits and Oscillations of stars (PLATO) guest
observer program.
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Appendix A: Correlations with flare duration

In Fig. A.1 we show the correlations between the τ̃median flare duration (instead of t1/2 from Fig. 2) and the six astrophysical param-
eters. The τ flare duration values were calculated as the difference between the fitted flare start and end times from FLATW’RM
(Vida & Roettenbacher 2018).
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Fig. A.1. Change in τ flare duration with log g surface gravity, L luminosity, R radius, Teff effective temperature, M mass, and [Fe/H] metallicity.
The trends are similar to those in Fig. 2.

Appendix B: Mock dataset for the comparison of flare shapes

To illustrate the method used in Section 3.2, we applied it to an artificial dataset containing 1000–1000 flares randomly generated
from two slightly different parent shapes. One is a simple template from Davenport et al. (2014), the other has an added bump on
the decay phase. We added realistic Gaussian noise generated from the covariance matrix of the original dataset. The left panel of
Fig. B.1 shows the median flare shapes calculated from these 1000–1000 flares and their squared difference. To derive the residual
sum of the squared difference distribution of the right panel, we randomly permuted the dataset, mixing flares from the first and
second groups, and then calculated the median shapes and the differences. The vertical black line on the right side shows the residual
sum of squared difference value from the separated dataset. Because it is ∼3σ away from the center of the distribution, we can state
that the flare shapes of these two groups are significantly different.
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Fig. B.1. Median flare shapes for the artificial dataset. Left: Scaled flare shapes and the difference for the separated dataset before the random
permutations. Right: Distribution of the sum of squared differences from 10 000 random resamples. The vertical line denotes the measured value
from the lower left panel.
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