
Received XXXX; Revised XXXX; Accepted XXXX

DOI: xxx/xxxx

ARTICLE TYPE

Localizing flares to understand stellar magnetic fields and space
weather in exo-systems

Ekaterina Ilin*1,2 | Katja Poppenhäger1,2 | Julián D. Alvarado-Gómez1

1Leibniz Institute for Astrophysics Potsdam
(AIP), An der Sternwarte 16, 14482
Potsdam, Germany

2Institute for Physics and Astronomy,
University of Potsdam, Karl-Liebknecht-Str.
24/25, 14476 Potsdam Germany

Correspondence
*Email: eilin@aip.de

Stars are uniform spheres, but only to first order. The way in which stellar rotation
and magnetism break this symmetry places important observational constraints on
stellar magnetic fields, and factors in the assessment of the impact of stellar activity
on exoplanet atmospheres.
The spatial distribution of flares on the solar surface is well known to be non-uniform,
but elusive on other stars. We briefly review the techniques available to recover
the loci of stellar flares, and highlight a new method that enables systematic flare
localization directly from optical light curves.
We provide an estimate of the number of flares we may be able to localize with the
Transiting Exoplanet Survey Satellite (TESS), and show that it is consistent with
the results obtained from the first full sky scan of the mission. We suggest that
non-uniform flare latitude distributions need to be taken into account in accurate
assessments of exoplanet habitability.
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1 INTRODUCTION

Flares are magnetic explosions that occur in the atmospheres of
all stars that possess an outer convection zone. They are high-
energy phenomena, during which magnetic re-connection trig-
gers a sudden energy release in form of electromagnetic radi-
ation from radio bands, through optical and UV to soft and
hard X-ray emission, each with a characteristic time evolu-
tion (Priest & Forbes, 2002). These general features are shared
by flares observed on most stars from the Sun, solar analogs
down to fully convective dwarfs, and from pre-main sequence
to solar age (see, e.g., Benz, 2017; Getman et al., 2005; Paudel
et al., 2018; Walkowicz et al., 2011). In our interpretation of
stellar flare observations we therefore often extrapolate from
our knowledge of the Sun.

On the Sun, flares occur in the vicinity of sunspots in a
belt around the solar equator, and almost never above 30˝
latitude (A. Q. Chen, Wang, Li, Feynman, & Zhang, 2011).

However, the discovery of polar spots on young sun-like and
low mass stars broke the analogy between the solar and stel-
lar situations (Strassmeier, 2002). Where flares occur on the
surfaces of stars is an open question.

Locating flaring regions and coronal loops on the stellar
sphere has so far been possible only in lucky cases, where flares
occurred during spectropolarimetric observations, or eclipses
of a binary star.

The latter occurred in the Algol binary system, where a
large X-ray flare on Algol B was occulted by the primary
star, and revealed that the emission originated from the south
pole of the secondary (Schmitt & Favata, 1999), which was
debated later (Sanz-Forcada, Favata, & Micela, 2007). The
event was probably also accompanied by a giant coronal mass
ejection (CME, Moschou, Drake, Cohen, Alvarado-Gomez,
& Garra�o, 2017), and could be associated with a large and
stable, pole-oriented coronal loop structure (Peterson, Mutel,
Güdel, & Goss, 2010).
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In another lucky case, Wolter, Robrade, Schmitt, & Ness
(2008) could apply the Doppler Imaging (DI) technique to the
Ca II K line to localize a flaring region at 56 ± 10˝ latitude in
the chromosphere on the K2 star BO Mic. The flare lasted for
4 h, and appeared at the fringes of large spot structures that had
also been recovered with DI.

More recently, Berdyugina et al. (2017) reconstructed a
magnetic field loop that erupted in flare-like bursts on a late
M dwarf using spectropolarimetry. Because the inclination of
the stellar rotation axis of this star was not well-constrained,
they could not pin down what latitudes the loop occupied but
recovered its topology regardless.

The serendipity of these discoveries is due to the random-
ness of flare occurrence times, and the rarity of su�ciently
gradual, large flares to which the analysis techniques were
sensitive.

Here, we highlight a new direct method for the system-
atic localization of flares on the stellar surface. In Section 2,
we briefly review previous methods, introduce the generali-
ties of our novel approach, and estimate the number of flares
suited for this technique. In Section 3, we discuss how flare
loci help us understand the nature of stellar magnetic fields
(Section 3.1), and outline the implications for exoplanetary
space weather (Section 3.2). We conclude with a short sum-
mary in Section 4.

2 HOW TO LOCALIZE FLARES ON THE
STELLAR SURFACE

2.1 Indirectly via Doppler Imaging and
Zeeman Doppler Imaging
Doppler Imaging (DI, Deutsch, 1958; Goncharskii, Stepanov,
Kokhlova, & Yagola, 1977) and Zeeman Doppler Imag-
ing (ZDI, Donati, Semel, & Praderie, 1989; Semel, 1989) of
stellar magnetic fields have been successfully used to map stel-
lar spot structures and global magnetic field configurations in
FGKM dwarfs (Morin et al., 2008, 2010; See et al., 2019;
Strassmeier, 2002).

Although spot size generally increases with flare fre-
quency (Maehara et al., 2017), flares do not correlate directly
with rotational phase in stars that show activity induced rota-
tional variability (i.e., dark spots or bright regions, Doyle,
Ramsay, Doyle, & Wu, 2019; Ramsay et al., 2013). So it is
not clear where flares occur on these active stars, although
we know that on the Sun, flares are found in the vicinity of
spots, and more energetic flares occur in more complex spot
groups (Sammis, Tang, & Zirin, 2000).

Berdyugina et al. (2017) and Wolter et al. (2008) used ZDI
and DI to more directly recover coronal loops and emission

loci, respectively, from flares that occurred during their obser-
vation campaigns. However, these methods would require
prohibitively expensive long-term spectroscopic monitoring to
capture flares on purpose.

2.2 Indirectly via asteroseismology and light
curve inversion
Activity-driven perturbations in asteroseismic observations
can in theory reveal the latitudes of active regions (Gizon,
2002; Papini, Birch, Gizon, & Hanasoge, 2015; Papini &
Gizon, 2019). The method poses that strong magnetic field
clusters disturb asteroseismic oscillations that then become
visible as characteristic shifts in the power spectrum that trace
the location of the clusters.

Berdyugina (2005) suggested an alternative approach that
combines asteroseismic information on the di�erential rota-
tion profile of a star with spot-induced variability obtained
from time series photometry. It proved more feasible than the
asteroseismology-only technique, leading to the first multi-
epoch spot latitude survey. The result was a time resolved spot
latitude map on a sun-like star, which is known as butterfly
diagram in the solar case (Bazot et al., 2018).

If an eclipsing body is present in the system, comparing
the stellar light curve of the active star in and out of eclipse
at the same rotational phases provides information about the
structures covered by the eclipsing body. In systems with low
obliquity, a well-defined strip in latitude can be resolved in
addition to the longitudes (Huber, Czesla, Wolter, & Schmitt,
2009, 2010); in su�ciently misaligned systems, even butterfly
diagrams can be recovered (Netto & Valio, 2020).

Although flare localization is in principle possible with
these methods, and is certainly less expensive that Z(DI)
because it relies mostly on photometric observations, all three
methods are better suited to recover more stable magnetically
active structures like starspots, which provide only indirect
information about flare location.

2.3 Directly from optical light curves
With the launch of Kepler (Borucki et al., 2010) and the Tran-
siting Exoplanet Survey Satellite (TESS, Ricker et al., 2015),
systematic flare monitoring became feasible for hundreds of
thousands of stars. In Ilin, Poppenhaeger, et al. (2021), we used
TESS data from the first full sky scan of the mission to sys-
tematically search for rapidly rotating, fully convective stars,
and found flares that could be located directly using the opti-
cal light curve of the star. We recovered four flares that lasted
longer than a full rotation period on four fully convective M
dwarfs. These flares’ light curves were modulated as the flare
footpoints rotated in and out of view on the fast spinning stellar
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FIGURE 1 Direct flare localization from optical light curves.
The star (blue sphere) rotates as the active region (red dots)
erupts in a flare. Consequently, the flare light curve (grey
dashed line in the bottom panel) is modulated geometrically in
phase with rotation (red line). If the inclination of the stellar
rotation axis is known, the location of the flaring region can be
unambiguously recovered. We assume that the thermal optical
emission captured by TESS originates from the dense lower
strata of the stellar atmosphere, so that the flaring region can
be seen as attached to the stellar surface.

surface (Fig. 1 ). We found that all flares occurred at latitudes
closer to the rotational poles of the stars than to the equator.
Except for an independent measurement of the inclination of
the stellar rotation axis, required to lift the latitude-inclination
degeneracy of the flaring region – the light curve contained
enough information to constrain the location of the flare on the
stellar surface within a few degrees of uncertainty under the
assumptions made about the flare temperature and the regions
of optical emission. As TESS, and soon PLATO (Rauer et al.,
2014), will continue the high-cadence monitoring of flaring
stars, this method can be applied to a steadily growing high
quality data set.

2.3.1 How many localizable flares will TESS
observe?
The method we presented in Ilin, Poppenhaeger, et al. (2021)
requires the star to rotate rapidly, and flare actively, so that an
event than spans more than a full rotation period can possi-
bly occur. Flares that last longer than 12 h are uncommon but
not exceedingly rare. Based on the TESS sample of fully con-
vective dwarfs, we estimate that flares suited for localization

FIGURE 2 Flare frequency above bolometric flare energy
E

bol
in flare stars with flares with measured FWHM . Note

that the frequencies are for individual stars that were caught
flaring within the first two Sectors of TESS Cycle 1 by Gün-
ther et al. (2020). Stars that flare but did not show any flares
within the two first Sectors are not included.

analysis occur once every 120 years per star (Ilin, Poppen-
haeger, et al., 2021). This number will be lower for earlier type
stars because they spin down faster (Barnes, 2003; Reiners &
Basri, 2008), losing their flaring activity at earlier ages (Chang,
Byun, & Hartman, 2015; Hilton, West, Hawley, & Kowal-
ski, 2010; Ilin, Schmidt, Davenport, & Strassmeier, 2019; Ilin,
Schmidt, et al., 2021). The flares in Ilin, Poppenhaeger, et al.
(2021) had TESS band energies around 1034 erg, and flare
durations above half the maximum flare flux (FWHM) of
about 1 * 1.5 h.

In Fig. 2 we show how often flares above a certain energy
occur as a function of that flare’s FWHM . Gradual flares
with FWHM > 1 h in actively flaring stars are fewer than
impulsive flares, and these flares’ energies tend to be high,
which in turn lowers their frequencies among all flares (i.e., the
upper right region in Fig. 2 is mostly empty). Using the data
from Günther et al. (2020), we can estimate how many local-
izable flares can be found in one full sky scan conducted with
TESS.

Observations of young clusters show that stars are born with
a wide distribution of stellar rotation rates (Johnstone, Bartel,
& Güdel, 2021, and references therein). At Pleiades age (125
Myr), about 30% of stars with spectral types later than F5 and
earlier than M6 rotate at P

rot
< 12 h, and > 75% of them are

fully convective (Rebull et al., 2016). At Praesepe/Hyades age
(600-800 Myr), the mostly fully convective P

rot
< 12 h stars

comprise only about 6% of stars (Douglas et al., 2019). Such
fast rotators all reside in the saturated activity regime, and thus
are expected to be actively flaring (Clarke, Davenport, Covey,
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& Baranec, 2018; Van Doorsselaere, Shariati, & Debosscher,
2017).

Assuming that the flaring stars in Fig. 2 tend to be young,
we can estimate that a similar fraction of these stars are rapidly
rotating, and adopt 1% as a lower limit. We can also take into
account as a lower limit that about 1% of stars are usually
found flaring within one full-sky scan of TESS (Günther et al.,
2020; Tu, Yang, Wang, & Wang, 2021). From the flare data
in Günther et al. (2020), we obtain a lower order of magnitude
estimate of 0.01 flares per day with su�ciently largeFHWM ,
which yields an approximate lower limit of 10*6 localizable
flares per day, or one flare every Ì 2700 years of observa-
tions per star. However, since TESS observes 200 000 mostly
FGKM stars per full sky scan for at least Ì 25 d each, each two
years of TESS operations would yield at least Ì 5 localizable
flares, which is consistent with the four flares detected by Ilin,
Poppenhaeger, et al. (2021) because the majority of the five are
expected in the fully convective M dwarf regime based on the
distribution of rotation rates.

3 IMPLICATIONS OF SPATIALLY
NON-UNIFORM FLARE LOCATION
DISTRIBUTIONS

In the following sections, we discuss what opportunities and
new questions locating flares on otherwise di�cult to spa-
tially resolve stellar surfaces opens up both for stellar and
exoplanetary research.

3.1 Localize flares and active regions to
understand stellar magnetic fields
The connection between small scale surface and global mag-
netic fields of low mass stars is poorly understood. Flares, and
in particular large stellar superflares, are unique probes of both:
They occupy a volume that spans a wide range of atmospheric
heights, and they are highly localized on the stellar sphere.
Observing a flare at a known location on the star illuminates
the dynamics of the strong small-scale surface magnetic field,
and in the case of large superflares, ties it to high altitudes in
the corona (Benz & Güdel, 2010).

The triggering re-connection event is located in the corona,
the subsequent energy release penetrates all layers of the stellar
atmosphere through to the photospheric footpoints. Associ-
ated particle emission in the form of CMEs and energetic
particle events (EP) will inevitably interact with the large
scale field, which may confine, slow down, deflect or other-
wise a�ect what eventually leaves the star along with the high
energy radiation from the flare itself, which ultimately has
an e�ect on the mass and angular momentum loss rates of

the star (Alvarado-Gómez, Drake, Cohen, Moschou, & Gar-
ra�o, 2018; Alvarado-Gómez et al., 2019; Kay, Airapetian,
Lüftinger, & Kochukhov, 2019).

Prospectively, we can combine multi-wavelength time series
observations that reveal how di�erent atmospheric strata are
a�ected by a flare (Kowalski et al., 2013; Maehara et al., 2021)
with measurements of its latitude and longitude to reconstruct
the full three-dimensional time evolution of flares on stars
other than the Sun.

3.2 Localize flares to understand the impact
of stellar activity on habitable zone planets
In Section 2.3, we have seen that young M dwarfs are favorable
targets for the localization of large flares on the stellar surface.
M dwarfs are of special interest in the context of habitability of
exoplanets, because a. they are prime targets for transiting exo-
planet surveys, b. their habitable zones are much closer to the
star than in solar-type stars and c. they show high and persis-
tent magnetic activity (Shields, Ballard, & Johnson, 2016). In
these stars, large flares, and associated CMEs and EPs can alter
and even evaporate the atmospheres of habitable zone planets.

Current models of atmospheric chemistry and evaporation
do not take into account latitude distributions or assume solar
ones H. Chen et al. (2021); Tilley, Segura, Meadows, Haw-
ley, & Davenport (2019), which is contrasted by observations
that suggest that large flaring regions reside at much higher
latitudes than on the Sun (Ilin, Poppenhaeger, et al., 2021;
Wolter et al., 2008). This is noteworthy because high latitude
flares may have a di�erent contribution to exoplanetary space
weather than equatorial flares, especially CMEs and EPs.

Our analysis suggests that the optically thick blackbody
emission that arises from the photospheric footpoints is atten-
uated by 40*80% at the planet when flares are placed closer to
the poles than to the equator (assuming the star-planet system is
spin-orbit aligned, Ilin, Poppenhaeger, et al., 2021). However,
it is the X-ray and UV emission, which is e�ective in altering
the composition of or evaporating exoplanetary atmospheres,
and a�ects biological life (see Airapetian et al., 2020, and ref-
erences therein). It originates from a volume within the upper
atmosphere of the star, and tends to be optically thin, so that
the attenuation observed in the optical regime is not expected
to occur.

On the other hand, solar EPs and CMEs are ejected in a cone
radially outward from the locus of eruption (Fisher & Munro,
1984; Xie, Ofman, & Lawrence, 2004). It is, however, an open
question to what degree this holds true for other stars, and in
particular stars with strong large scale fields that are also the
stars that produce the most intense flares. Models have shown
that such strong fields can confine, slow down, deflect and
fragment the emitted magnetized plasma (Alvarado-Gómez et
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al., 2018, 2019; Kay et al., 2019). If flares, however, occurred
closer to the poles, where the prefentially dipolar component
of the magnetic field has more open field lines, CMEs might
escape more easily in the polar direction, and leave a planet in
the equatorial plane largely una�ected.

If flaring regions preferentially reside at certain latitudes on
the stellar surface, spin-orbit alignment becomes an impor-
tant ingredient in the assessment of stellar space weather. The
above considerations assumed that the planet revolves around
the rotational (and magnetic) equator of the star. However,
although we expect this to be true for planets that form in the
protoplanetary disk and are left undisturbed in this position
after formation, the research on spin-orbit alignment is still in
its infancy, especially for terrestrial planets around low mass
M dwarfs (Hirano et al., 2020; Mazeh, Perets, McQuillan, &
Goldstein, 2015; Stefansson et al., 2020).

4 SUMMARY

In the past, flares could only be located on the Sun directly,
or by serendipitous discovery on a handful of stars. Methods
available for stellar (magnetic) surface mapping like spec-
tropolarimetry work best on large, stable structures like long
lived spots or coronal loops, but usually mask more dynamic,
smaller scale processes like flares. Asteroseismology and light
curve inversion can also be used, both in isolation and com-
bined, to infer the latitudes of starspot groups. However, the
recovery of transient events like flares has yet to be demon-
strated with these techniques.

With the rapid accumulation of long-term high cadence
monitoring data of thousands of stars with Kepler, TESS, and
soon PLATO, systematic flare localization becomes obser-
vationally more accessible, in particular for young, rapidly
rotating, low mass stars. The light curves of large, gradual
flares obtained by these missions are modulated as the flaring
region rotates in and out of view on the stellar surface. The
morphology of the modulation can be used to directly infer the
region’s latitude and longitude.

Localizing flares constrains models of stellar magnetic
fields, and helps us understand the interplay between surface
magnetic fields and the overlying large-scale fields. When
combined with multi-wavelength observations, the full spatio-
temporal reconstruction of flares becomes a true possibility.

Finally, we have seen that we need to know the locus of
flares and associated CMEs and EPs to accurately estimate the
impact of these events on planets in close orbits around active
low mass stars. As a consequence, stellar obliquity emerges as
one of the key star-planet system characteristics.
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