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ABSTRACT

Stellar magnetic activity, just like that of the Sun, manifests itself in the form of flares and spots on

the surface of the star. In the solar case, the largest flares originate from large active regions. In this

work, we present a study of the activity of the star Kepler-411, including spot modeling from planetary

transits. Our goal was to search for a connection between the area of starspots with the energy of

superflares produced by this star. Kepler-411 is a K2V-type star with an average rotation period of

10.52 days, radius of 0.79 R� and a mass of 0.83 M�, which was observed by the Kepler satellite for

about 600 days. Transit mapping allowed for the characterization of 198 starspots with estimates of

their radius and temperature. Kepler-411 starspots had an average radius of (17 ± 7) × 103 km and

a mean temperature of 3800 ± 700 K. Visual inspection of the light curves of Kepler-411 yields the

identification of 65 superflares. The detected superflares lasted from 8 to 260 min and their energy

varied from 1033 − 1035 ergs. The power-law index of the flare frequency distribution as a function of

energy is (-2.04 ± 0.13) for the flare on Kepler-411. A positive correlation between the area of starspots

and the energy of superflares was found when considering the averages taken every 16 to 35 days, with

the highest correlation occurring for averages every 21 days. This timing is probably related to the

lifetime of the Kepler-411 spots.

Keywords: Starspot— Superflares — Exoplanets—Star

1. INTRODUCTION

Astrophysics has benefited enormously from obser-

vations of space missions such as CoRoT (COnvection

ROtation et Transits planétaires), Kepler, and TESS

(Transiting Exoplanet Survey Satellite). The data col-

lected from these missions are crucial for understanding

the formation of our Solar System, the relation of the

star and its planets, planetary habitability, the emer-

gence of life, and the mechanisms involving the forma-

tion of the various exoplanets.

Data from the Kepler telescope are an excellent re-

source for research on stellar activity. This data set,

involving unprecedented photometric precision and con-

tinuity over four years, resulted in the discovery of a
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vast diversity of exoplanets and made it possible to

study several phenomena related to stellar activity.

Several models were applied to complete light curves

to study starspots, however the techniques still present

problems as reported in Basri & Shah (2020). Alterna-

tively, the presence of spots on the stellar surface can be

detected by analyzing the planetary transits light curve

of the star (Silva 2003). The passage of the planet in

front of the star can reveal spots on the star’s surface.

Silva (2003) proposed the first model to use the transit

of an exoplanet as a probe to detect the presence of spots

on the surface of stars, physically characterizing spots

of solar-type stars (F, G, K) and M dwarfs. Various

physical properties and position information about stel-

lar spots have been successfully estimated for solar-type

and M dwarf stars from transit mapping (Silva-Valio

et al. 2010; Sanchis-Ojeda et al. 2013; Valio et al. 2017;

Morris et al. 2017; Zaleski et al. 2019; Zaleski et al.
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2020; Netto & Valio 2020; Namekata et al. 2020). In a

recent study, using transit mapping it was possible to

estimate the differential rotation of Kepler-411 from the

transit of its three orbiting exoplanets (Araújo & Valio

2021).

Several studies about flares and stellar superflares

have provided an increasing wealth of information for

stars of different spectral types. Spectroscopic studies

highlight the idea that the variation in brightness of su-

perflare stars is correlated with the rotation of stars with

large spots (Notsu et al. 2015, 2019). This discovery

points to a relation between superflares and starspots,

and hence magnetic fields. Solar flares usually occur in

association with sunspots or groups of spots in active

regions.

Sunspots correspond to regions of more intense mag-

netic fields than the rest of the Sun’s surface, being

colder and darker than the solar disk (Hale 1908). Like

the spots on the Sun, other stars have these phenomena

which are related to star activity. Probably, all cool

stars with a convective region similar to that of the Sun

have spots on their surface, according to Strassmeier

et al. (1999).

Karoff et al. (2016) observed indications of a correla-

tion between the S-index and the periodic photometric

variability amplitude down to amplitudes around 1,000

ppm, which is the level of amplitudes observed for the

Sun. Below 1,000 ppm, no clear indication of a cor-

relation was seen, indicating that the relation between

spot coverage and chromospheric emission breaks down

when magnetic activity is low.

Kepler space high precision photometry (Borucki et al.

2010) with its long duration enabled the systematic

study of stellar flares, improving our understanding of

stellar activity. For example, Walkowicz et al. (2011)

studied about 23 thousand dwarf stars and identified

373 stellar flares. In this study, the authors calculated

the relative energies and occurrence rate of flares, and

found that M dwarfs tend to produce flares more fre-

quently and with shorter duration than K dwarfs.

Studies of flares and superflares have been extended

to solar-type stars. Maehara et al. (2012, 2015) searched

for superflares in solar-type stars using long and short

cadence Kepler data, and found that all observed super-

flares occur in stars with large starspots, evidenced by

the almost periodic modulation of the star brightness.

Also, 187 superflares were detected in 23 solar-type stars

which bolometric energy ranging from 1032 to 1036 erg.

These superflares showed a complex temporal behavior

with several peaks of a separation of the order of 100

to 1000s, comparable to the periods of quasi-periodic

pulsations in solar and stellar flares.

Shibayama et al. (2013) studied superflares in solar-

type stars using Kepler data for a longer time period

(500 days). As a result, 1547 superflares were found in

279 stars. In a recent publication, Okamoto et al. (2021)

updated the statistical information for solar-type stars

(G) using all data from the primary Kepler mission and

the Gaia Data Release 2 catalog. With the new results,

a total of 2341 superflares were found in 265 solar-type

stars and 26 superflares in 15 stars similar to the Sun.

Moreover, it is known that the frequency of super-

flares decreases as the stellar rotation period increases,

or as the star ages. The maximum flare energy found

on Sun-like stars is 4×1034 erg, and analysis of Sun-like

stars suggests that the Sun can cause superflares with

energies up to ∼ 7 × 1033 erg (equivalent to X700-class

flares) and ∼ 1×1034 erg (X1000-class flares) once every

∼3000 and∼6000 yr, respectively (Okamoto et al. 2021).

Investigations about stellar activity have also been

the subject of studies using Kepler data, focusing on

the relation between flares and starspots. The work

of Roettenbacher & Vida (2018) investigated a subset

of Kepler’s observations and revealed a connection be-

tween starspots and stellar flare. The study provided

valuable information about the star magnetic field, by

emphasizing that many of the stars observed by Kepler

behave significantly different from the Sun, with larger

starspots. Hawley et al. (2014) also investigated the

correlation with starspot modulation. The results of

the starpot phase vs energy ratio of flares show that

the flare energy is randomly distributed and does not

show strong correlation with the starspot phase. Sim-

ilar results were also found by Maehara et al. (2021),

Silverberg et al. (2016), and Doyle et al. (2020), that is,

flares are randomly distributed.

Still challenging is the correlation of stellar flares and

superflares with the presence of spots on the surface

of the stars. Understanding the relation between flares

and starspots is extremely important, not only for the

dynamo mechanism at work on these stars, but also be-

cause these processes drastically affect the atmospheric

and biological environment of orbiting planets. As a

consequence, it can affect the habitability of these ex-

oplanets. A broader approach to the impacts on the
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atmospheric environment of exoplanets can be seen in

Airapetian et al. (2020).

For the first time, it is possible to study the connection

of starspots with the presence of flares and superflares

using the method of starspots mapping from planetary

transits. With information on the coverage of spots at

different longitudes and latitudes, such as their sizes

and frequency, we propose to search for correlations

of these with the occurrence of flares and superflares

from the star Kepler-411. The study presented here

of Kepler-411 yields a more robust result with higher

spatial precision of starspot sizes and location during

each of the three planetary transits.

In the next section, we present the results of Kepler-

411 activity, that is, spots physical properties and flare

identification, as well as estimates of their energy and

duration. In Section 3, we compare the timing of spot

area and flare energy searching for a correlation between

them. Finally, in Section 4, the results are discussed and

the main conclusions presented.

2. KEPLER-411 ACTIVITY: SPOTS AND

SUPERFLARES

Kepler-411 (KIC 11551692) was observed by the Ke-

pler space telescope for about 600 days, exhibiting char-

acteristics that indicate relatively strong magnetic ac-

tivity (Sun et al. 2019), with many flares detected as

can be seen in Figure 1 (top panel). Kepler-411 is a star

of spectral type K2V with three transiting planets, one

SuperEarth and two mini-Neptunes. Here we present a

study based on the results obtained by Araújo & Valio

(2021), which mapped the spots at different latitudes,

according to the various planetary transits.

2.1. Starspot modeling and physical parameters

In the analysis of Kepler-411 light curves, we iso-

lated the transits of the three planets, Kepler-411b,

Kepler-411c, and Kepler-411d. There were 121, 48, and

7 planetary transits detected for Kepler-411b, Kepler-

411c, and Kepler-411d exoplanets, respectively. As the

planet crosses in front of the star during its transit, it

may occult a spot, or dark region, on the surface of the

star, causing small increases in the transit light curve.

These small short duration increases due to starspots

can be modeled and its physical characteristics deter-

mined using the spot mapping model of Silva (2003).

Starspot detection is performed by visual inspection of

each transit in the light curve. A model of a spotless

star is subtracted from each transit light curve, so as

to enhance spots signatures. Only peaks in the residual

light curve with a size above 3σ are considered as spots

and modeled, never exceeding the maximum number of

4 spots per transit. Spots detected by visual inspec-

tion are then modeled and limited between longitudes

of ±70◦ to avoid any distortions caused by the steep

portions of the light curve due to the ingress and egress

of planetary transit.

Each starspot is modeled as a circular disc with the

following parameters:

• Radius: size in units of the planetary radius (Rp);

• Intensity: photospheric contrast with respect to

the maximum brightness of the star at disc center

(Ic);

• Position: longitude and latitude on the stellar disc.

The latitude, lat, and longitude, lg, of each spot are

given by the projection of the planetary position onto

the stellar disc. Zero longitude was considered as the

projection during the first midtransit of the planets,

whereas the spot longitude, lg, is obtained from the time

of the spot peak in the residuals, with ts given in hours,

according to the following equations:

lat = arcsin

[
a

Rstar cos(i)

]
(1)

lg = arcsin

[
a cos[90◦ − (360◦ts/24 Porb)]

cos(lat)

]
, (2)

where Rstar is the radius of the star; and the planet

orbital parameters are: a the semi-major axis, Porb the

orbital period, and i the orbital inclination angle with

respect to the stellar rotation axis. Here, we assumed

the stellar spin to have null obliquity.

The spot temperature is obtained assuming that both

the star and the spot emit radiation like a black body

(following Eq. 2 of Silva-Valio et al. (2010)), where we

consider Teff = 4832K as the effective temperature of

the stellar photosphere and an observing wavelength of

λ = 600nm. The statistical results of the spot parame-

ters from Kepler-411 discussed in Araújo & Valio (2021)

are listed in Table 1.

2.2. Flare identification and properties

To demonstrate the steps used to identify and extract

the superflares seen in the out–of–transit light curve of

Kepler-411, we use as an example an excerpt from the

light curve shown in Figure 1. In the upper panel is

the light curve in PDC format for the entire period of

observation for Kepler-411, quarters 11 – 17. To remove
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Table 1. Physical parameters of Kepler-411 star, planets, and spots.

Stellar Parameters

Spectral type Radius [R�]a Teff [K]b Period [days]d Mass [M�]a

K2V 0.79+0.07
−0.06 4832 10.4 ± 0.03 0.83+0.04

−0.10

Planetary Parameters

Kepler-411b Kepler-411c Kepler-411d

Orbital Period [days]a 3.0051 ± 0.00005 7.834435 ± 0.000002 58.02 ± 0.0002

Planet Radius [R⊕]b 1.88 ± 0.02 3.27+0.011
−0.006 3.31 ± 0.009

Planet Radius [Rstar]c 0.024 ± 0.002 0.042 ± 0.002 0.040 ± 0.002

Semi-Major Axis [au]c 0.049 ± 0.0006 0.080 ± 0.001 0.29 ± 0.0004

Orbital inclinationc 89.18 ± 0.05 89.03 ± 0.02 89.44 ± 0.01

Spot average parameters

Transits of Kepler-411b Kepler-411c Kepler-411d all

Number of spotsc 45 143 10 198

Temperature [K]c 3100 ± 800 4100 ± 500 3600 ± 800 3800 ± 700

Radius [103 km]c 18 ± 7 17 ± 8 17 ± 5 17 ± 7

Intensity [Ic]
c 0.14 ± 0.23 0.46 ± 0.28 0.29 ± 0.19 0.35 ± 0.24

Note—aWang et al. (2014) b GAIA archive c(Araújo & Valio 2021) d(Sun et al. 2019).

Table 2. Average parameters of superflares from Kepler-411.

Superflares average parameters

Decay time [Min] 28 ± 5

Rise time [Min] 5.1 ± 2.0

Duration [Min] 33 ± 6

Log energy [Erg] 33.8 ± 0.3

Flare frequency [Day−1] 0.11

the oscillatory trend due to the rotation of the spotted

star from the light curve, a polynomial of degree three

was applied and subtracted. The result is shown in

the bottom panel of Figure 1, where also outliers and

cosmic rays have been removed and the relative flux is

obtained using Equation 2 of Hawley et al. (2014).

Then, each quarter of the light curve was visually

inspected and the superflare candidates identified as

three or more consecutive points with flux above the

overall average flux by at least 2.5 standard deviations

(σ). An example of a superflare detected this way is

shown in Figure 2, this is the largest superflare detected

from Kepler-411 during Kepler observation.

Flare time profiles are normally divided into an im-

pulsive phase followed by a gradual decay phase. It is

important to note that the flares and superflares con-

sidered in this sample have a temporal profile similar to

solar flares, that is flares with a rise time shorter than

the decay time. Flares with complex time profiles are

described in Kowalski et al. (2010). To avoid potential

false positives, we used the classic definition of a flare

with light curve profiles such as that of Figure 2.

The estimate of the flare energy was performed ac-

cording to Shibayama et al. (2013) using the flare lumi-

nosity, amplitude, and duration:

Eflare =

∫
Lflare(t)dt. (3)
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Figure 1. Top: Kepler-411 light curve normalized without corrections. Bottom: Light curve with corrections for analysis
and identification of flares and superflares.
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Figure 2. Largest superflare observed in the Kepler-411
light curve.

Here we assume that the spectrum of white light

flares can be described by that of a blackbody, with

an effective temperature of 10,000 K. Associated errors

of stellar parameters such as size and temperature can

directly influence energy measurements of superflares.

Moreover, errors in the determination of flare starting

and ending points, as well as quiescent levels, also af-

fect flare amplitude and energy values by about ∼30%
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Figure 4. Top left: Fit the power law duration. Top right: Fit the power law energy. Bottom: Flares duration versus total
energy.

After careful visual inspection, we identified a total

of 65 flares on the light curve of the star Kepler-411.

The energy of each flare was calculated according to

Equation 3 yielding flare energies in the range from

1033 to 1035 erg. For each flare, we also calculated its

rise and decay times, as well as total duration in min-

utes. Histograms with the results of the flare properties

are presented in Figure 3. The flares of the K-type

star Kepler-411 usually take 5 min to reach their peak

flux and then 28 min on average to decay, resulting in

a mean total duration of about 33 min. The statisti-

cal results of flares from Kepler-411 are listed in Table 2.

The duration of the superflares as a function of their

energy is plotted in the bottom panel of Figure 4, evi-

dencing a strong correlation (0.88 correlation coefficient)

between these properties. That is, stronger superflares

last longer. Similar results were also seen in G-type stars

as reported by Maehara et al. (2015) and by Namekata

et al. (2017) when studying energy correlations of so-

lar and stellar flares, both of which are believed to be

related due to a universal mechanism of magnetic recon-

nection. Recently, Maehara et al. (2021) investigated

flares duration vs flare energy with spectroscopic and

photometric observations of the M dwarf flare star YZ

Canis Minoris. As a result, a positive correlation was

found between the duration of the flare, τflare, and the

bolometric energy of the flare, Eflare (see Figure 13

of Maehara et al. (2021)), where the duration of the

flares increases with energy as τflare ∝ E0.21±0.04
flare . The

authors then compared this result with solar flares for

various types of stars. The E − τ relations show posi-

tive correlation, and the power law slope for these E−τ
relations are approximately the same: τflare ∝ E

1/3
flare

(Maehara et al. 2021) (see Figure 14 Maehara et al.

(2021)).

In Kepler 411, we have found the relation τflare ∝
E0.86±0.03
flare . The E − τ value obtained for Kepler-411

is higher than the values obtained by Maehara et al.

(2021). In the literature there are values for the power

index for E of, for example, ∼ 0.6 (Jackman et al.

2021), 0.42 (Tu et al. 2021), and a diversity of values

is presented in Figure 5 of Wu et al. (2015). Probably,
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the different values are related to the methodology in

determining the start and end of flux increase in flares.

Here, we use the total duration, where the determina-

tion of the start and end times of flares were detailed

at the beginning of Section 2.2. Another reason may

be that the relations refer to stars of different spectral

types.

Flares are also seen to follow a power–law relation for

the energy distribution:

N(E)dE = βE−αdE (4)

where α and β are constants. The power-law fit was

performed using a Bayesian Markov chain Monte Carlo

(Wheatland 2004), yielding α = 2.04 ± 0.1 for the

Kepler-411 flares energy (seen Figure 4). This α value

is very similar to the results found by Maehara et al.

(2021) (α = 2.8 ± 0.1), Hawley et al. (2014) (α = 1.52

– 2.32), Lurie et al. (2015) (α = 1.92 ± 0.01 – 2.03 ±
0.02), and Wu et al. (2015) (2.04 ± 0.17).

The frequency of superflares as a function of their en-

ergy and duration is shown in the top panels of Figure 4.

Predominantly, the superflares have energy of the order

of 1033 erg with superflare frequency given by:

F =

(
Nflares

tend − tstart

)
. (5)

The occurrence rate of superflares from Kepler-411 was

estimated to be once every 9 days.

3. STARSPOT AREA VERSUS SUPERFLARE

ENERGY

The similarities of the behavior between solar flares

and superflares of solar-type stars suggest that solar

flares and superflares are caused by the same physical

process, i.e., magnetic reconnection (Maehara et al.

2015). Therefore, we expect that just like on the Sun,

these large flares are associated with the presence of

large spots on the stellar surface.

Finding correlations between stellar superflares and

the presence of stellar spots is a challenge for stellar

astrophysics, given the technological limitations and

the time dedicated by telescopes. Using the model-

ing method of starspots with transits, Araújo & Valio

(2021) performed the first mapping of a star surface at

three latitudes using a planetary system. The transit

mapping model applied to the three planets yields a

total of 198 starspots identified on the surface of the

star during the 590 days of observation by the Kepler

mission.

Then we searched for a correlation pattern of the

starspot area with the occurrence of superflares. First,

we analyzed the spot area and superflare energy over

time looking for coincidences. The area over time of the

198 spots identified in the transit light curves is plotted

in the top panel of Figure 5. An average of the spot

area within a time interval of 21 days is plotted as a

red curve. The energy of the 65 superflares detected

during the same period is plotted in the bottom panel

of Figure 5. Also shown as a red curve is the superflare

energy averaged over 21 days. A peak both in spot area

as well as in superflare energy is clearly seen around day

1400 BKJD. This suggest an increase in stellar mag-

netic activity around this period that lasted for about

100 days.

To verify the correlation of starspots area and super-

flare energy suggested in Figure 5, we plot these aver-

aged quantities against each other in Figure 6. The solid

black line indicates the positive correlation between su-

perflare energy and spot area with a correlation coeffi-

cient of 0.54. In fact, we calculated the average values of

spot area and superflare energy for different time inter-

vals varying from 5 to 100 days, and obtained positive

correlation only between averages within 16 and 35 days.

For other time intervals either there were no correlation

or the correlation was negative. The 21 day interval used

for the averages yields the higher positive correlation co-

efficient between spot area and superflare energy. This

time interval around 20 days, required for the maximum

correlation, could be related to the lifetime of the spots.

4. DISCUSSION AND CONCLUSIONS

In this work, we study the magnetic activity of Kepler-

411, a K2V type star. The ∼ 2% amplitude brightness

variations due to a spotted photosphere and the pres-

ence of many superflares qualify it as an active star. Its

light curve displays periodic variations compatible with

an average rotation period of 10.5 days, indicating its

relative young age.

A total of 198 starspots were detected on the sur-

face of Kepler-411 using the planetary transit mapping

method, as reported by Araújo & Valio (2021). Also 65

flares were identified in the out–of–transit light curve of

Kepler-411. Our main goal in this work was to search

for a correlation between starspots and flare occurrence

in the Kepler-411 light curve.
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Figure 5. Top: Starspot areas (blue asterisks), with their
running mean every 21 days, overploted as a red line. Bot-
tom: Superflare energy (blue symbols) as a function of time,
with the average energy taken every 21 days, overploted as
a red line.

Our results showed that there is a positive correla-

tion between spot area and superflare energy, similar

to what is found in the Sun. However, the correlation

depends on the temporal interval used in the averages

of both stellar activity indicators. The optimized time

window of the correlation between spot area and super-

flare energy was found to be 21 days, which is probably

related to the lifetime of the spots. For temporal aver-

ages within periods smaller than 16 days or larger than

about 35 days, the correlation is lost.

The observed correlation of the 16-35 days, with max-

imum at 21 days, averages of the spot area versus flare

energy might indicate that statistically within about

2–3 stellar rotations, the active region that flared comes

into view. Thus, active regions with lifetime shorter

than this would not contribute to the correlation, while

if the lifetime of the active regions were much longer,

the correlation would be stronger and also occur for

longer average periods. On the Sun, large long duration
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Figure 6. Correlation of Kepler-411 superflare energy with
starspot area, averaged every 21 days.

active regions may last up to 1 maybe 2 solar rotations.

Hence, on Kepler-411, a K type star, large stellar

spots produced more energetic superflares, consistent

with previous results from stars of other spectral types.

For example, see Figure 4 of Okamoto et al. (2021)

where the upper limit of flare energies tend to increase

as the spot area increase. This means that the energy of

the superflare is related to the magnetic energy stored

within starspots, and the process is probably similar to

that of solar flares (Okamoto et al. 2021). The corre-

lation of star spot area with the energy of superflares

is also observed using the light curve brightness mod-

ulation technique (Maehara et al. 2015). However, the

analysis of starspots and superflares energy by the tran-

sit method has a higher spatial precision, despite being

constrained to the stellar latitude band occulted by the

exoplanet. Fortunately, in Kepler-411 there is coverage

of three latitude bands, which provides more informa-

tion about the stellar surface. However, no superflare

occurred during a specific transit so as to identify ex-

actly the flaring active region, and thus the spot area.

songyongliang
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The spots detected by the exoplanet transit method

are restricted to only a fraction of the stellar hemisphere.

There are certainly many spots unocculted by the planet

and consequently flares that originate from these active

regions. This certainly affect the correlation of spot

area and superflare energy. We would like to point out

the difficulty in performing such studies, since it is im-

possible with current observations to determine which

active region produced each superflare. Nevertheless,

transit mapping has the advantage of determining the

actual spot size and location over the estimates of spot

filling factor from out–of–transit light curve (Maehara

et al. 2012). Thus, given the difficulty of studying these

relationships with the available observational quality,

our result can be considered quite significant.

Statistical studies have shown that stars of type K

and M are typically more explosive than other stars

(Yang & Liu 2019). The study of stellar spots and flares

is an important ingredient for stellar dynamo theory,

especially for solar-type stars, emphasizing the impor-

tance of stellar activity studies. Moreover, new gen-

eration of space telescopes are geared towards study-

ing exoplanet atmosphere which are greatly affected by

the “noise” added from stellar activity (Rackham et al.

2018). Since stellar contamination is not limited to vi-

sual wavelengths but may also be very significant in

the near-infrared bands, this will likely affect upcom-

ing JWST spectroscopy of transiting exoplanets atmo-

spheres (Rackham et al. 2018). Thus stellar activity

studies, essentially that of starspots, flares, superflares,

and magnetic fields, are essential to guide new observa-

tions. Some of the most important properties of flares,

coronal mass ejections, and energetic particles, includ-

ing their energies and frequency of occurrence, are deter-

mined by the strength of the magnetic field and the size

of the stellar active region associated with the starspot

area derived from observations (Herbst et al. 2021).
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