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Abstract

Flares are magnetically driven explosions that occur in the atmospheres of all main sequence
stars that possess an outer convection zone. Flaring activity is rooted in the magnetic dynamo
that operates deep in the stellar interior, propagates through all layers of the atmosphere
from the corona to the photosphere, and emits electromagnetic radiation from radio bands to
X-ray. Eventually, this radiation, and associated eruptions of energetic particles, are ejected
out into interplanetary space, where they impact planetary atmospheres, and dominate the
space weather environments of young star-planet systems.

Thanks to the Kepler and the Transit Exoplanet Survey Satellite (TESS) missions, flare
observations have become accessible for millions of stars and star-planet systems. The
goal of this thesis is to use these flares as multifaceted messengers to understand stellar
magnetism across the main sequence, investigate planetary habitability, and explore how
close-in planets can affect the host star.

Using space based observations obtained by the Kepler/K2 mission, I found that flaring
activity declines with stellar age, but this decline crucially depends on stellar mass and
rotation. I calibrated the age of the stars in my sample using their membership in open
clusters from zero age main sequence to solar age. This allowed me to reveal the rapid
transition from an active, saturated flaring state to a more quiescent inactive flaring behavior
in early M dwarfs at about 600-800 Myr. This result is an important observational constraint
on stellar activity evolution that I was able to de-bias using open clusters as an activity-
independent age indicator.

The TESS mission quickly superseded Kepler and K2 as the main source of flares in low
mass M dwarfs. Using TESS 2-minute cadence light curves, I developed a new technique for
flare localization and discovered, against the commonly held belief, that flares do not occur
uniformly across their stellar surface: In fast rotating fully convective stars, giant flares are
preferably located at high latitudes. This bears implications for both our understanding
of magnetic field emergence in these stars, and the impact on the exoplanet atmospheres:
A planet that orbits in the equatorial plane of its host may be spared from the destructive
effects of these poleward emitting flares.

AU Mic is an early M dwarf, and the most actively flaring planet host detected to date. Its
innermost companion, AU Mic b is one of the most promising targets for a first observation
of flaring star-planet interactions. In these interactions, the planet influences the star, as
opposed to space weather, where the planet is always on the receiving side. The effect
reflects the properties of the magnetosphere shared by planet and star, as well as the so
far inaccessible magnetic properties of planets. In the about 50 days of TESS monitoring
data of AU Mic I searched for statistically robust signs of flaring interactions with AU Mic b
as flares that occur in surplus of the star’s intrinsic activity. I found the strongest yet still
marginal signal in recurring excess flaring in phase with the orbital period of AU Mic b. If it
reflects true signal, I estimate that extending the observing time by a factor of 2-3 will yield
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a statistically significant detection. Well within the reach of future TESS observations, this
additional data may bring us closer to robustly detecting this effect than we have ever been.

This thesis demonstrates the immense scientific value of space based, long baseline flare
monitoring, and the versatility of flares as a carrier of information about the magnetism of
star-planet systems. Many discoveries still lay in wait in the vast archives that Kepler and
TESS have produced over the years. Flares are intense spotlights into the magnetic structures
in star-planet systems that are otherwise far below our resolution limits. The ongoing TESS
mission, and soon PLATO, will further open the door to in-depth understanding of small
and dynamic scale magnetic fields on low mass stars, and the space weather environment
they effect.



Zusammenfassung

Flares sind magnetisch getriebene Explosionen. Sie treten in den Atmospharen aller Hauptrei-
hensterne mit einer d&ufleren Konvektionszone auf, und sind auf den magnetischen Dynamo
zuriickzufithren, der tief im Sterninneren arbeitet. Das entstehende Magnetfeld durchdringt
alle Schichten der Atmosphire von der Korona bis zur Photosphiare und sendet elektro-
magnetische Strahlung vom Radio- bis in den Rontgenbereich aus. Diese Strahlung und
die damit verbundenen Eruptionen energiereicher Teilchen werden anschliefend in den
interplanetaren Raum geschleudert, wo sie auf die Planetenatmosphéren treffen und das
Weltraumwetter junger Stern-Planeten-Systeme bestimmen.

Die Kepler und die Transiting Exoplanet Survey Satellite (TESS) Missionen haben in
den letzten Jahren die systematische Beobachtung von Flares auf Millionen von Sternen
ermoglicht. Das Ziel dieser Dissertation ist es, Flares in jungen Sternen und Stern-Planeten-
Systemen als vielseitige Werkzeuge zur Sondierung des stellaren Magnetismus auf der
Hauptreihe zu etablierten, ihre Rolle bei der Bewohnbarkeit von Planeten zu untersuchen
und zu erforschen, wie die Wechselwirkung mit nahen Planeten die magnetische Aktivitat
des Wirtssterns beeinflusst.

Anhand von weltraumgestiitzten Beobachtungen der Kepler/K2-Mission habe ich heraus-
gefunden, dass die Flare-Aktivitat mit dem Alter des Sterns abnimmt, wobei dieser Riickgang
entscheidend von der Masse und der Rotation des Sterns abhangt. Ich kalibrierte das Alter
der Sterne in meiner Stichprobe anhand ihrer Zugehorigkeit zu offenen Sternhaufen von
der Nullalter-Hauptreihe bis zum Zustand der heutigen Sonne. Auf diese Weise konnte ich
den schnellen Ubergang von einer aktiven, gesittigten Flare-Aktivitiat zu einem ruhigeren,
inaktiven Zustand bei frithen M-Zwergen bei etwa 600-800 Millionen Jahren aufdecken.
Dieser Zeitpunkt ist eine wichtige Randbedingung fiir die Entwicklung der Sternaktivitat,
die ich Dank der offenen Sternhaufen als aktivitdtsunabhéngigem Altersindikator eindeutig
bestimmen konnte.

Die TESS-Mission hat Kepler und K2 bereits als Hauptquelle von Flares in M-Zwergen
abgeldst. Anhand der zeitlich hochaufgelsten Lichtkurven von TESS entwickelte ich eine
neue Technik zur Lokalisierung von Flares und entdeckte, dass — entgegen der allgemeinen
Annahme - Flares nicht gleichmaflig tiber die Sternoberflache verteilt sind: Bei schnell
rotierenden, vollkonvektiven Sternen sind die energiereichsten Flares bevorzugt bei hohen
Breitengraden zu finden. Das Ergebnis hat Auswirkungen sowohl auf unser Verstandnis der
Magnetfeldentstehung in diesen Sternen als auch auf die Auswirkungen auf die Atmosphéren
von Planeten, die in deren Aquatorebene kreisen. Die jungen Welten kénnten durch die
Lage ihrer Orbits den zerstorerischen Auswirkungen dieser polwérts strahlenden Flares
entkommen.

AU Mic ist ein frither M-Zwerg und der bisher magnetisch aktivste Stern mit bekannten
Planeten. Sein innerster Begleiter, AU Mic b, ist eines der vielversprechendsten Ziele fiir eine
erste Beobachtung der Wechselwirkungen zwischen Stern und Planet. Dabei beeinflusst der
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Planet den Stern, und nicht, wie bei Weltraumwetter, andersherum. In diesem Effekt spiegeln
sich die Eigenschaften der von beiden geteilten Magnetosphire, sowie beispielsweise die
bisher unzugénglichen magnetischen Eigenschaften von Planeten. In den vorhandenen etwa
50 Tagen von TESS-Beobachtungsdaten von AU Mic suchte ich nach statistisch robusten
Anzeichen fiir magnetische Wechselwirkungen mit AU Mic b, die sich als Flares offenbaren,
die im Uberschuss zur Eigenaktivitit des Sterns auftreten. Das stirkste, aber doch vorlaufige
Signal fand ich in mit der Umlaufperiode von AU Mic b wiederkehrenden, tiberzahligen
Flares. Wenn es sich hierbei um ein wahres Signal handelt, schétze ich anhand der Da-
ten, dass eine Verlangerung der Beobachtungszeit um einen Faktor 2-3 einen statistisch
signifikanten Nachweis erbringen wird. Die Anforderung liegt in Bereich zukiinftiger TESS-
Beobachtungen, und bringt uns somit womdglich niaher an eine robuste Detektion dieses
Effekts heran, als wir es jemals waren.

Die Untersuchungen in dieser Arbeit sind nur durch das Eintreten ins Zeitalter der Flare-
Statistik moglich geworden. Diese Arbeit demonstriert den immensen wissenschaftlichen
Wert der weltraumgestiitzten, wochen- und monatelangen Beobachtung von Flares, als auch
die Vielseitigkeit von Flares als Informationstrager iiber den dynamischen Magnetismus
in Stern-Planeten-Systemen. In den riesigen Archiven, die Kepler und TESS im Laufe der
Jahre angelegt haben, schlummern noch viele Entdeckungen. Flares werfen kontrastreiche
Schlaglichter auf magnetische Strukturen in Stern-Planeten-Systemen, die sonst weit un-
terhalb der modernen Auflosungsgrenze liegen. Die laufenden Beobachtungen von TESS,
und bald PLATO, werden die Tir zu einem tiefen Verstdndnis der kleinen und dynamischen
Magnetfelder in diesen Systemen weiter 6ffnen.
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1 A spotlight on flares

Somewhere in the universe, out in a spiral arm of the Milky Way disk, lies our home. Our
Sun, several billion years old, burning hydrogen in its core, and surrounded by a small
number of gaseous and rocky planets, is one among millions of similar stars in our galaxy.
And like most of them, it sustains a magnetic field that is sustained by its rotation and the
convection of ionized plasma in the interior.

The Sun’s magnetic field stores energy, but it can only hold a limited amount of it locally.
If this limit is exceeded, the field becomes unstable and a flare occurs, a magnetically driven
explosion in the Sun’s atmosphere millions of times more powerful than the most powerful
modern thermonuclear bombs. Much of the stored energy is released in the form of radiation.
Particularly energetic flares are also accompanied by so-called coronal mass ejections (CMEs),
gigantic eruptions of hot, charged particles.

When the mixture of radiation and particles reaches the Earth, it causes a geomagnetic
storm. The Earth’s magnetic field is compressed and some particles spiral into the Earth’s
magnetosphere. We see them as breathtaking auroras at northern latitudes, but in Earth’s
orbit their influence also disrupts satellite communications and endangers the health of
humans working in space. However, even during the strongest flares, Earth’s great distance
from the Sun and the Earth’s magnetic field protect us from most of the blast.

The most actively flaring stars, however, are much smaller and cooler than our Sun [Ger72;
Wes+11]. They are called M dwarfs or red dwarfs, and make up about 75% of all stars. They
are also orbited by planets, even more frequently than Sun-like stars [DC15]. The presence
of flares and planets around red dwarfs is a similarity with the Solar System, but there are
two important differences:

First, the magnetic field that produces the flares is stronger than the Sun’s over much
longer cosmic times. Red dwarfs are born with strong magnetic fields [Shu+17; Shu+19].
Their internal physical processes preserve and amplify it. The Sun possessed a similarly
active field in its youth several billion years ago. But stars like the Sun lose this activity
within a few hundred million years, while red dwarfs remain magnetically active for billions
of years. In the process, they produce a large number of flares whose energies can exceed
those of solar flares by a factor of a thousand and more.

Second, the habitable zone [KWR93] is much closer to these extremely active stars. Liquid
water is crucial for the emergence of life as we know it. The Earth orbits the Sun at a
distance so that just enough light reaches its surface for liquid water to exist. In the case
of cool and relatively dim red dwarfs, this zone is much closer to the star. So close, in fact,
that the thrust of flare radiation may be enough to vaporize the atmospheres and oceans of
exoplanets in this zone, turning them into radioactively irradiated desert planets [Air+17;
LB15]. The presumably habitable zone turns out to be a hellish place. Life might still find a
way [Taj08], but the conditions are very different from Earth’s without a doubt.

If we are eager to find life, we might want to focus on stars that are more like the Sun




Chapter 1

A spotlight on flares

than red dwarfs. And astronomers have indeed set out to find a twin of the Solar System as
they came up with the Kepler mission [Bor+10]. But it remains to be found - which does not
indicate that the Solar System is special. The most efficient methods we use to find exoplanets
are not well suited to detect small planets that take more than around about a hundred days
to orbit their host. Instead they discovered thousands of cool, highly magnetized red dwarfs
with close-in planets of all varieties. Red dwarfs make up the majority of stars in our galaxy
and the solar neighborhood, and each of them hosts at least one planet on average. Can we
somehow tell if life on these apparently unpleasant exoplanets can and does exist?

If we want to assess habitability and unambiguously identify the signatures of biological
life we need to understand how the stars (Chapter 2), their planets (Chapter 3) and their
interactions work together over the millions and billions of years of these systems’ existence.
At the end of this introduction I hope to convince you that flares are not only an important
constituent of the environments in which habitable planets reside, but that Kepler and the
Transiting Exoplanet Survey Satellite [Ric+15] have enabled them as great tools to study
the magnetism of star-planet systems (Chapter 4). The bulk of this thesis consists of three
scientific studies (Chapters 6-8), which I will briefly summarize in Chapter 5, as well as a
software (Chapter 9) that was used extensively in all these studies. In the final Chapter 10,
we will look ahead into future prospects of flares.



2 Low mass stars

To a first approximation, most stars, most of the time, are well described as hot, partially
ionized balls of hydrogen, and a few other elements. They are symmetric spheres, fusing
hydrogen to helium in their cores for billions of years. The Sun possesses an atmosphere
comprised of a photosphere, which typically defines the boundary between the in- and
outside of a star; a chromosphere, and a corona, with a transition region between the latter
two [KWW12]. The photosphere emits light at a blackbody temperature that increases
with stellar mass. The Sun emits at about 6,000 K at the photosphere [Chr21], the smallest
stars at about 2,500 K [PM13]. In the chromosphere above, dynamic collisional and radiative
ionization and excitation form the characteristic temperature dependent spectra [CS02;
WC11]. In the corona, the gas density drops rapidly, and the temperature rises to several
million Kelvin.

2.1 Stellar rotation

The story could end here with the depiction of a stack of concentric layers given above.
However, the spherical symmetry is broken by rotation. The Sun has been known to rotate
since the invention of telescopes in the early 17th century [CVV06]. Stellar rotation became
accessible only as late as the first half on the 20th century when the rotational broadening
of spectral lines was established as an unambiguous measure of projected rotation velocity
(e.g., [Car33; MS81; Str30]). The rotation of stars is increasing during formation, when a
cloud of gas collapses into the proto-star [Shu77] collecting its angular momentum like
ballet dancers who pull in their arms in to spin faster. When the star is fully collapsed,
it ends up with only a small fraction of the birth cloud’s angular momentum. A lion’s
share is lost by processes that are not yet fully understood, but involve the removal of
angular momentum from the protostar via magnetized jets [Lee+17; Lee+18; Pud+07], and
the circumstellar disk [Bou+14; Reb+06; RWS04]. The spin-up of young stars ends on the
zero age main sequence (ZAMS), where they land at a broad range of rotation periods from
~0.1to 10 d [Reb+16]. From this moment, most stars, except for those with close stellar
or sub-stellar companions that can transfer angular momentum back to the star via tidal
interaction [Hut81; LM16; MR13; Zah77], begin to spin down again, and continue to do so
throughout their main-sequence lifetimes. To understand how and why this happens, we
need to add magnetic fields to the picture.

2.2 Stellar magnetic dynamo

Rotation is not all the star inherits from its birthplace. In its formation process, the collapsing
star collects the magnetic field that penetrates the protostellar cloud. Just as with angular




Chapter 2

Low mass stars

momentum, a majority is lost before the star arrives on the ZAMS. But for what is about to
happen, only a small seed field is needed.

Earlier, we glossed over a detail of stellar rotation that now becomes important: The
stellar rotation periods quoted were merely average values. The Sun and solar-type stars
experience differential rotation. Instead of rotating as a solid body the rotation period
depends on the surface latitude, and the distance to the rotation axis [Ben+18; Sch+98].
The presence of differential rotation and convection in the conducting plasma of the stellar
convective envelope induces the amplification and sustenance of a strong and stable field
that converts the kinetic energy of the motion into magnetic energy [Par55; Spr02]. The
induction equation, in the perfectly conducting limit, is the basic physical process underlying
the stellar magnetic dynamo:

oB -
— =V Xx (v xB). 2.1
= =Vx(ixB) 21)

The field strength B is amplified by the motion v of the nearly perfectly conducting plasma.
The stellar dynamo is, in fact, a subclass of magnetic dynamos that generate magnetic fields
on both smaller and larger astrophysical scales, which draw on other sources of kinetic
energy to generate strong magnetic fields in planetary bodies [Jon11], and even entire
galaxies [Bec15].

The magnetic field properties that the stellar dynamo produces are much more difficult
to understand and reproduce than Eq. 2.1 suggests. The two main reasons are a., the large
range of spatial and temporal scales involved, which makes it computationally infeasible
to trace the process from large scale convectional flows to the emergence of individual
magnetic features on the stellar surface, and b., the fact that we cannot observe the inside of
the star directly, which makes it difficult to test the model directly as parts of it remain an
observational black box [BB17; Str+16]. Lacking information about the interior magnetic
field, observational evidence of dynamo action from the outside is even more important.

2.3 Stellar magnetic fields

Ideally, we could measure the magnetic fields predicted by the dynamo theory directly. This
is possible, albeit to a limited extent. Plasma embedded in a magnetic field experiences the
energy splitting of certain quantum mechanical states, called the Zeeman effect [Zee97].
The split states add new transitions, and hence new spectral lines at wavelengths close —
but not equal to — the previously unmagnetized line. In the magnetic field regimes of low
mass stars of ~ 10° — 10* G in sunspots and in the average total surface field strengths of
stars [BB55; Hal08; Mor+08a; Mor+10; Reil2; Saa94; See+17; See+19], the frequency shift
is proportional to the magnetic field strength, and the polarization of the lines reveals the
orientation of the magnetic field [DL09; Hal08]. Combined with the rotational broadening
of these lines, one can measure the total field strength, and reconstruct the large scale field
configuration of a sufficiently magnetized star. Among low mass stars, active G and K types
were most amenable to the technique [Don+97; SR98]. Later, the method could be extended
to M dwarfs [Mor+08b; Mor+10; See+19]. The Zeeman effect provides low resolution large
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Figure 2.1: Panel A: Solar corona at 2 million Kelvin (284 A) on May 26, 2022. Courtesy of
ESA/NASA/NRL (SOHO) Panel B: Sunspot regions during solar maximum in 2014, observed in
broadband optical light by the Helioseismic and Magnetic Imager (mid wavelength 6,173 A). Courtesy
of SDO, SOHO (NASA) and the HMI consortium. Panel C: Large Angle Spectrometric Coronagraph
image of the solar wind, taken on the same day as Panel A. The extent of the image is about half
the orbit of Mercury. Courtesy of ESA/NASA/NRL (LASCO). Panel D: Particles accelerated along
magnetic field loops are observed in extreme ultraviolet light after a medium-sized (M2) solar flare
and a coronal mass ejection occurred in a large active region of the Sun on July 14, 2017. Courtesy of
NASA/GSFC/Solar Dynamics Observatory.

scale magnetic field structure, and an estimate of the total surface field strength. However,
it cannot capture the dynamic, small-scale magnetic fields, the importance of which will
become clear in the course of this introduction. Luckily, we do not have to guess their
whereabouts. These fields make themselves known through activity in the magnetized
stellar atmosphere.

2.4 Stellar activity

Stellar flaring is part of an entourage of magnetic phenomena called stellar magnetic activity,
or stellar activity for short. We refer to stellar activity when we talk about phenomena caused
by small-scale variable magnetic fields in stellar atmospheres, such as chromospheric and

coronal emission, starspots, faculae, flares, coronal mass ejections, and stellar winds (Fig. 2.1).

In the photosphere, emergent stellar magnetic fields suppress the sub-surface convection
causing cool regions that show up as dark spots on the stellar surface. We can see them
directly on the Sun, a small telescope is usually enough to see the largest regions. Sunspot
groups cover areas between 107® and 1072 of the solar hemisphere, with smaller groups

Section
24
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being much more common than large ones [Mufi+15]. Stars appear as point sources, so
evidence of spots is indirect. Starspots manifest as variations in the total stellar flux periodic
with stellar rotation, or rotational variations in the line profiles of spectral lines that are
sensitive to magnetic fields or temperature changes [AB15; Deu58; RWK89; SR98]. These
methods typically only recover the general distribution of dark and bright (or magnetically
strong and weak) regions. An alternative technique are small brightenings during exoplanet
transits when the planet covers the spots. Such spot crossings cannot map the entire stellar
surface but they provide size estimates for individual spots or spot groups. On G stars [NV20;
San+13; Sil+10; Zal+19], and some K and M dwarfs [Mor+17; Zal+20], observed starspot
sizes are of the order of the largest sunspots and up to about an order of magnitude larger
than the Sun’s.

Faculae, magnetic flux clumped together into bright features between surface convection
granules [Wij+09], are the bright counterparts of star- and sunspots. While easy to tell
apart on the solar surface, the coexistence of spots and faculae complicates the picture in
the stellar case. In the presence of both spots and faculae, a decrease in the total stellar flux
can mean either the presence of spots or the absence of faculae. Sometimes bright spots fit
the observations better than dark spots [Mor+18], and it is difficult (but not impossible) to
disambiguate the two [Ama+20; Sha+20; Zal+19; Zal+20].

In the chromosphere and corona, the atmosphere becomes increasingly tenuous, radiative
and collisional equilibrium is disturbed and the stratification becomes more and more
complex [CBE07; CS02]. The heating supply is magnetohydrodynamic, and comes in the
form of dissipation of kinetic energy either moving along as acoustic waves on top of
magnetic fields, or as energy released when tension in the magnetic field is relaxed in very
small, unresolved flares [Kho+04; TA22]. In the chromosphere, line emission, such as the H
and K lines of singly ionized calcium, the Balmer series including He, and various lines in
the ultraviolet (UV) part of the stellar spectrum show increasing departure from radiative
and collisional equilibrium by gradually reversing from absorption to emission [Lin17]. The
corona is reached when the cooling capacity of chromospheric line emission is exhausted,
while additional magnetic heating is still present. Energy deposited in this region is dissipated
through X-ray emission, ejected kinetically in the form of steady solar wind, and eruptive
coronal mass ejections. The partition between the three is difficult to measure, and solar
scaling relations don’t hold for active M dwarfs [Dra+13; SMD06; Woo+21]. The process, or
rather processes (including flares), that heat the corona are still poorly understood [PD12;
TA22; TSD15].

So far, flares only appeared as a potential heating mechanism of the corona. In the
following Section, we shall see that flares are, in fact, a prominent indicator of stellar
activity, but unlike most others they cannot be constrained to one or even two layers of the
atmosphere.

2.5 Flares

Let us now finally cast a spotlight on the protagonist of this story. Flares are strong and
impulsive eruptions of electromagnetic energy that is stored as tension of the magnetic
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Figure 2.2: Simplified sketch of a flare loop (black lines) after re-connection. The magenta arrows
indicate particles accelerated up- and downwards from the re-connection site in the corona.

field, and released by re-connection and subsequent relaxation of field lines [Sve76]. In
the standard picture of a solar flare ([BG10; PF02], Fig. 2.2), a magnetic loop emerges
from the stellar interior and rises into the corona. For some time, magnetic force holds
it back from rising any further. Meanwhile, the subsurface convective motion moves the
photospheric footpoints around, depositing energy in the loop as additional magnetic
tension. At sufficiently high tension, the loop structure becomes unstable. In fully ionized
and magnetized plasma, the Maxwell equations dictate that the plasma moves along with
the magnetic field, and vice versa, depending on which carries more energy at any given
point. This so-called "frozen-in condition" is locally violated at the onset of the flare. For a
brief moment, plasma and field are no longer tied to each other. Driven towards the lowest
possible energy state, the fields under tension seize the opportunity, and by splitting and
re-connecting magnetic field lines rapidly release magnetic energy into the kinetic energy
of the plasma that surrounds them [Par57; Swe58].

A part of the reorganized field is ejected out into space, while the other is relaxed and
accelerated downwards (see Fig. 2.2). Particles precipitating downwards heat the atmospheric
layers locally as they pass. When they finally hit the photosphere and lower chromosphere at
the loop’s footpoints, most energy is dissipated thermally through evaporation and thermal
emission (see Fig. 2.1, panel D). This in turn heats up the chromospheric layer above, so that
during the late stages of a flare Balmer line emission can dissipate up to ~ 30% of the flare
flux [Kow+13].

We can observe flares in nearly all electromagnetic wavelengths available to astronomers
— from centimeter and decimeter radio bands to the soft and hard X-ray regime [Ben16;
BG10]. Each wavelength regime traces different dissipation processes, both thermal and
non-thermal. Particle acceleration causes bremsstrahlung and gyrosynchrotron emission
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Figure 2.3: Ca Il H & K abundance, Li abundance, and equatorial velocities of stars in the Ursa Major
moving group of coeval stars, the Pleiades and Hyades open clusters, and the Sun, as a function of
stellar age, from [Sku72].

which is seen in hard X-rays and radio bands; thermal dissipation is observed in soft X-ray,
broadband optical and UV radiation, and chromospheric line emission [Ben16]. Except for
the hard X-ray regime, flare emission in the various bands observed on the Sun has also been
detected on other stars. As we will see in Section 2.7, this gives flares a major advantage as
probes of stellar magnetism.

The majority of the total flare energy is released as blackbody radiation at temperatures of
typically about 9,000 K [Asc+17; Kre11], but both higher and lower temperatures have been
observed [Fro+19; Giz+13; Kow+13]. Solar observations of thermal emission focus on the
highest energies which provide the best contrast against the 6,000 K photosphere. M dwarfs
are much cooler, and optical signatures of flares stick out from the quiescent photosphere,
so that the their blackbody radiation can be observed even in very faint stars. In the recent
years, the surge in large-scale optical monitoring campaigns has enabled us to find and
characterize flares across all spectral types, and move on from studies of individual flares to
ensembles (Chapter 4). To better appreciate the impact of this development, and its role for
the studies presented in Chapters 6-8, we will now look at the role of flares in the magnetic
main-sequence evolution of low mass stars.



Magnetic main-sequence evolution

2.6 Magnetic main-sequence evolution

In Section 2.1 I left you with the question as to how and why stellar rotation slows down
on the main sequence. With our understanding of stellar dynamos (Section 2.2), magnetic
field measurements (Section 2.3), and activity (Section 2.4), we now have everything in
place to give an answer to the best of our current knowledge, and delineate the gaps in our
understanding of this process. Nearing the end of this chapter (Section 2.7) we will come to
see why flares play a special role in addressing those gaps.

From the perspective of nuclear reactions, the main sequence is an uneventful place. For
billions of years, Sun-like and low mass stars spend their core hydrogen on helium fusion
before they run out of fuel. While rotation and magnetism do not change this basic stellar
evolution fact, they themselves evolve greatly throughout their main sequence lifetime.

[Sku72] synthesized the observational efforts of the preceding half-century in a now
famous(ly simple) diagram, reproduced in Fig. 2.3. It shows that stellar activity (in the
form of Ca Il H & K emission) and rotation (in the form of equatorial velocities) decline
with the square root of stellar age — ~ 77/2. The decline in lithium, the third observable
in Fig. 2.3, later turned out to be caused by processes largely independent from the other
two (e.g., [SP15]). However, the relation between age, rotation, magnetic fields and activity
has since been confirmed as highly correlated in a large number of studies of stellar rotation
as a function of age [Bar+16; Bar03; Cur+13; Cur+19; Fri+21; Lu+21; Mei+15], and activity in-
dicators such as spot lifetimes [GCH17] and sizes [Mae+17; Mor20], chromospheric [New+17;
Rei+22] and coronal emission [Jef+11; Rei+22; Wri+11; Wri+18], and flares [Fei+20; Giin+20;
How+20; Ili+19; Ili+21a; Rae+20; Shi+13b].

The consensus idea is firmly established: The initial rotation and magnetic field gained
during formation fires up the stellar dynamo. The faster the rotation velocity, the stronger
the magnetic field (see Eq. 2.1). At the same time, strong magnetic fields cause strong
stellar winds, which carry away angular momentum from the star like the ballet dancer
who extends their arms to slow down while spinning. How much torque the arms of the
ballet dancer exert on the body depends on their weight and length. In the stellar picture
this corresponds to the amount of mass expelled from the stellar atmosphere along the large
scale magnetic field lines that connect to the star, and the co-rotation radius, also called the
Alfvén radius, out to which they remain attached to the star [Sch62; WD67].

The Alfvén radius is the distance out to which the velocity v of the stellar wind is slower
than the Alfvén velocity v4. This velocity,

I (2.2)

Hop

depends on the density p of the plasma and the strength B of magnetic field that pervades it.
Uo denotes the vacuum permeability constant. Perpendicular waves, called Alfvén waves,
can travel along the lines with speed v4. Particles that are frozen-in to the magnetic field
lines provide the mass, and the magnetic field tension the restoring force for the oscillation.
Ifva > v, energy can be transported by these waves along the field lines back to star. This
situation is relevant not only to stellar wind and angular momentum loss, but as we will
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see in Section 3.3, also to the magnetic interactions between planets and their host stars.
If, however, v4 < v the bulk motion of the plasma carries away the magnetic field and the
Alfvén waves with it. What also leaves the system for good at this point is the angular
momentum of the escaping plasma.

In summary, torque on the star, exhibited by the Alfvén radius-long magnetic lever arm,
slows its rotation, which in turn weakens its magnetic field. Weaker magnetic fields can
only produce weaker stellar winds, which results in less angular momentum loss. Decrease
in rotation and decrease in stellar activity, the proxy for magnetic field strength, will go
hand in hand as the star ages. Eventually, the feedback loop wears itself out, and the star is
left with slow rotation, a very weak field and low stellar activity.

2.6.1 The stellar mass factor

We now need to take an important mental note on the masses of cool stars. Mass is not part
of the feedback loop itself because it changes very little over the main sequence lifetime
compared to high mass stars. It has a strong influence on its magnetic evolution regardless. At
a fixed rotation rate, higher mass stars have weaker magnetic fields because their convection
zone is shallower [Noy+84]. Without a convective envelope, stars of spectral F5 or earlier
cannot generate strong magnetic fields, and thus have no efficient way of dissipating angular
momentum [Kra67]. The largest of the stars relevant to this work are about the size of the
Sun. Their interiors consist of an inner radiative core, and an outer convective envelope. The
envelope becomes larger in smaller stars until the radiative zone disappears completely at
about 0.35M;, and the star becomes fully convective [CB97]. This transition from partially
to fully convective stars marks a difference in stellar interior structure that is also believed
to change the mechanism of the stellar dynamo ([Gue+16; Irw+11], see also Section 2.6.4).
Finally the lowest mass stars at the bottom of the main sequence have increasingly neutral
atmospheres that appears to change the dissipation pathways for magnetic energy [Ber06;
Bou+17; Mur+22].

In other words, stars with different masses follow different magnetic evolutionary tracks
in the activity-rotation-age space. Mass is incorporated into stellar rotational evolution
models via the characteristic timescale of convection within the outer envelope of the
star [Bar10; Mat+15; SP13], or, perhaps more intuitively, via the kinetic energy available
from convection [Rei+22]. The fully convective regime, in particular the lowest mass stars,
are a much less well explored territory. Historically, dynamo models were anchored on the
solar case, which has a radiative core, and hence leaves the smallest stars neglected. Only
few dynamo models exist in their mass regime [Bro08; Gas+13; WB16; Yad+15]. Moreover,
their low luminosity complicates observations, and some observations clearly deviate from a
simple extrapolation from higher masses (Section 2.6.4). It is clearly important to distinguish
different stellar mass regimes, and Chapter 6 will serve as an instructive example later on.
For now, when we talk about magnetic evolution, we shall bear in mind the mass of the
stars in question to avoid confusion.
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2.6.2 Measuring the rotation-activity relation

Rotation drives activity through magnetic field generation, activity decreases rotation through
angular momentum loss. Isolated stars on the main sequence can therefore only spin down
over time, but the two processes’ observational inaccessibility hampers progress of the
quantitative kind.

First, the uncertainties and unknowns of our understanding of stellar dynamos (Sec-
tion 2.2) propagate directly to stellar magnetic evolution. We still cannot look directly inside
the star, although asteroseismology may partly overcome this limitation in higher mass
stars by measuring their radial differential rotation [Bec+12; Sch+16b]. Second, measuring
stellar winds, which define the Alfvén radius, and ultimately the torque on the star, is
challenging. In situ measurements of stellar winds are impossible, and proxies like evapo-
rating exoplanet atmospheres [VB17], astrospheric Lya [Woo+14; Woo+21] and slingshot
prominences [Don+00; JC19] are indirect and so far only available for a small number of
stars [Vid21]. Another problem is the Sun, which is often used as a calibrator for scaling
relations in stellar activity, and in magnetic evolution and dynamo models. It is tricky to
measure the relatively slow local tangential movement of particles in the solar wind, and
from that to infer global torques exerted on the Sun [Fin+20]. Moreover, the solar angular
momentum loss is variable on timescales of thousands of years, which limits the Sun’s use
as an etalon in the first place [Fin+19].

Lacking direct observables, astronomers resorted to rotation (combined with mass) as
a proxy for the dynamo, and to magnetic fields and stellar activity in lieu of mass loss to
establish the rotation-activity relation — and successfully so! There is a clear link between
stellar rotation (measuring which has improved tremendously in the recent past [MMA14],
see Section 2.1), and practically all known stellar activity indicators. Stars that rotate faster
show stronger Balmer line emission [Dou+14; New+17], stronger Ca Il H & K lines [Rei+22],
more and hotter X-ray emission [Jef+11; Ste+16; Wri+11; Wri+18], more rotational variability
in the optical regime [BLP16; Mae+17], and more frequent and more energetic flares [Dav+19;
How+20; Rae+20]. Measurements of magnetic field strength show that higher stellar activity
is due to stronger magnetic fields in faster rotating stars [Fol+18; See+17; See+19; Vid+14].

2.6.3 Following stars as they age: open clusters and other
independent stellar time stamps

One of the best objects to look at if we want to know how this feedback loop plays out
over time across the main sequence are open clusters, groups of order of ~ 10% stars born at
the same time from the same cloud of gas. Their more massive evolved stellar population
provides an independent age measurement for all of the low mass members.

As we would expect from the magnetic main sequence evolution, data from about a dozen
open clusters has shown over and over that rotation periods increase over time, and that the
spin-down rates depend on their mass [Bar03; Cur+13; Cur+19; Curl6; Fri+21]. Magnetic
field strength [Fol+18] and stellar activity indicators such as X-ray [Boo+17; JBG21] and
chromospheric lines [Agii+18; Dou+14; Fri+21] also weaken over time. At ages older than
the Sun’s, most open clusters have dispersed. Kinematic ages [Lu+21], which are based on
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the velocity of stars relative to the Galactic disk, and asteroseismic ages [Hal+21] provide
an alternative.

In Chapter 6, we will explore how the flaring activity declines in five different open
clusters from ZAMS to solar age, as a function of their mass and rotation period. Studying
stars with open clusters, kinematic or asteroseismic time stamps allows us to track the
interplay between rotation, magnetic fields, and activity, piecing together the full picture of
magnetic main sequence evolution ...which turns out to be abundant with puzzles.

2.6.4 Deviations from "standard” magnetic main sequence
evolution

As the observations of stellar rotation periods, activity, and magnetic fields across masses
and ages are growing more precise and complete, we begin to see some major shortcomings
in our understanding of magnetic main sequence evolution.

All known activity indicators, and the results in Chapter 6, show that below rotation
periods of about 10 days, or Rossby numbers of ~ 0.1, activity and magnetic field strength no
longer increases with faster rotation. This is one of the best and most consistently observed,
yet poorly understood, constraints for magnetic dynamo models [Bru+17; Wri+18]. Wide
binaries, which should be magnetic twins, sometimes show strikingly different magnetic
structure [Bar+17]. Solar scaling relations for mass loss rates produce unphysically high
values in actively flaring low mass stars [Dra+13; OW15].

Rotational evolution in old F stars [Sad+16] is faster than predicted in standard models. In
a similar vein, K dwarfs appear to rotate faster than predicted at about 1 Gyr of age [Cur+19],
but resume spinning down later [Cur+20]. Evidence for such temporarily weakened magnetic
braking has also come from asteroseismic observations [Hal+21]. There is no consensus as
to if and how the magnetic field causes an early shut-down of rotational evolution, but there
certainly is more substructure in rotational evolution than we currently understand [Lor+19;
ME19]

Fully convective stars are another interesting mass regime. On the one hand, their activity-
rotation relation is no different from that of partly convective stars [Wri+11; Wri+18],
although the lack of a radiative core suggests a difference in the dynamo mechanism [Bar10;
Gue+16; Irw+11]. On the other hand, flaring seems to be partially suppressed in the most
rapidly rotating fully convective stars [Doy+22; Ram+22], and the strong correlation between
radio and X-ray emission that holds for more massive stars (Giidel-Benz relation [BG94;
GB93]) breaks down in late M dwarfs [Ber06; Cal+21b]. Changes in the dynamo or the
atmospheric conditions could both be responsible for the deviations, and disentangling the
two is a matter of active research.

All these recent findings point towards hidden processes that cause deviations from solar-
type dynamo behavior, and Skumanich-type spin-down relations (Fig. 2.3). Some important
clues to these puzzles can be delivered by flares.
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2.7 The special role of flares

So far, flares have appeared beside other photometric, chromospheric and coronal activity
indicators. However, their spatio-temporal confinement, and simultaneous appearance in
all atmospheric layers gives them a unique advantage over global, "mono-layer" activity
measures. During each flare, the injection of energy into the magnetized stellar atmosphere
spotlights its local characteristics. This has been exploited in the numerous multiwavelength
studies of stellar flares that cover combinations of bands across the electromagnetic spectrum
from X-ray to radio [Dav+12; Hil+10; Kan+22; Kow+13; Mac+21; Mae+21; MOH20; Nam+20;
Vid+16].

Because different parts of the atmosphere emit at different wavelength during a flare,
every additional observing window resolves a different altitude in the atmosphere. Optical
spectroscopy of flares allows us to infer densities and temperatures in the heated plasma
[Fuh+08; Kow+10; Kow+13], follow its movement within the atmosphere [Hon+18; Wu+22],
and even trace its escape in the form of CMEs [HFR90; Nam+21]. Inversions of time resolved
spectroscopy can locate the flares on the stellar surface, in longitude, latitude, or both, prob-
ing the topology of small-scale fields [Gar+03; Joh+21; Wol+08]. Spectroscopically resolved
X-ray observations of flares reveal the structure and size of flaring coronal loops ([LFS10;
Pil+22; Ser+91], see Section 10.2 for an example from our current work). We can use stel-
lar flaring properties to estimate the magnetic field strengths required in these regions to
produce them, confine the sizes of active regions on the stellar surface [How+19; How+20;
Not+19; Shi+13a; Stu+84], and measure the ability of flares to heat the corona [Car+07;
Jes+19; Kas+02]. If conducted in a systematic fashion on a sufficiently large sample of stars,
these observations can tremendously improve our models of small scale magnetic fields.
These in turn constrain stellar dynamo models, and angular momentum loss. They provide
direct insight into individual, localized events that are consequence of the former and driver
of the latter.

A main drawback in using flares as probes of magnetic dynamos and mass loss is their
random occurrence in time. This makes multiwavelength observations and campaigns
with time-constrained instruments such as X-ray satellites expensive, often prohibitively
so, adding to the difficulty of coordinating multiple independent instruments in some
cases [Mac+21; Mac22; MOH20]. Except for particularly active objects that have been the
favoured targets in many of the studies mentioned above, most stars are not guaranteed to
flare within a night or even several nights of observations. We thus did not know whether
the flaring properties of active stars also apply to quiet, more Sun-like objects, and generally
less active stars. However, as we will see at the end of this introduction in Section 4, this
is rapidly changing. Large numbers of flares on all stars across the lower main sequence,
and beyond, have become available in the optical domain as a fortunate byproduct of the
surge in exoplanet surveys in the recent decade (Section 4.1). The observational connection
between flares and exoplanets is a coincidence, but the astrophysical relations between them
have proven crucial for the understanding of both the planets and their hosts. So before we
some back to flares as probes in Section 4, let us first draw a more holistic picture of the
star-planet systems in which they occur.
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3 Star-planet systems

Perhaps one of the most exciting astronomical discoveries in the last few decades was that
there are planets that orbit stars other than the Sun. In 2019, Michel Mayor and Didiez
Queloz were awarded the Nobel prize for their discovery of the first exo-planet around a
Sun-like star, 51 Pegasi b, in 1995 [Com19]. 51 Pegasi b was a surprising find, because it
had no analog in the Solar System. It was called a Hot Jupiter because, although it had the
radius typical of gas giant planets that live in the outskirts of the Solar System, it orbited its
solar type star in only 4.23 days, far inside Mercury’s orbit [MQ95]. In the last few decades,
thousands of extrasolar star-planet systems were discovered with properties that overturned
our concept of a canonical Solar System. Their peculiarities present a fundamentally new
path to understanding the origin and fate of our own world.

3.1 Exoplanet demographics

No star-planet system we found so far looks like our home. This is less surprising than the
exotic new worlds we discovered in the past few decades. The techniques used to detect and
verify the presence of one or more exoplanets around a particular star inevitably bias what
kinds of planets we can detect. The first exoplanets were discovered using the radial velocity
variations measured as shifts in the stellar spectrum as the orbiting planet causes the star
to wobble back and forth with respect to the observer (e.g. [Vog+00; Vog+02]). However,
with the launch of space missions like Kepler [Bor+10] and the Transiting Exoplanet Survey
Satellite [Ric+15] the detection of transits in time series observations have become the most
productive method.

The search for dips in stellar brightness that repeat each time the planet passes in front
of the star and blocks a part of the stellar disk account for the majority of discoveries. This
method strongly favors large planets in close orbits, preferably around small stars. The
larger the planet compared to its host, the deeper the dip in brightness. The closer the orbit
the more transits are observed per time. These detection biases as well as the instruments’
limitations and astrophysical confounders like stellar multiplicity and activity have to be
accurately accounted for. To infer what fraction of stars is orbited by each kind of planet at
every possible distance established the field of exoplanet demographics [GCM21]. There are

over 5,000 exoplanets confirmed to date in around 3,700 star-planet systems [Arc22; Enc22].

Within this growing archive, two types of exoplanets are of special interest for where this
introduction is leading us.

First, planets in the habitable zone. Because the search for a second Earth is of key interest
for both researchers and the public, the demographics of planets in orbits that receive the
right amount of stellar irradiation to keep water in its liquid form have been extensively
studied. For the Sun, the distance of the habitable zone is about 1 AU, with its outer and inner
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edges marked approximately by the orbits of Mars and Venus, respectively. For smaller stars
that are less bright, the habitable zone is closer to the star. Eventually, going to smaller and
smaller stars, we arrive in the sub-stellar regime where most brown dwarfs are so cool that
the habitable zone, if we still want to call it that, would eventually end up inside the dwarf’s
atmosphere. The frequency of potentially habitable Earth-like planets around Sun-like stars
is still uncertain, about 5 — 50%, because the number of known planets in such wide 365 day
orbits is still small [Bry+20; GCM21; PHM13; SGW15]. The planet occurrence rate increases
for smaller stars, in particular for terrestrial planets in the habitable zone, suggesting that,
on average, every other M dwarf might have one planet at the required separation [BB22;
DC15; Har+19; Pin+22]. How habitable these planets really are, however, is significantly
influenced by their hosts’ flaring activity (Section 3.2).

The second demographic of interest here are very close-in planets orbiting their hosts
at around 10 days or less. They have less of a public spotlight compared to habitable zone
planets, but their demographics overlap, especially for the lowest mass stars. TRAPPIST-1 is
a famous example of this, an M8 dwarf with an unbeaten seven planets in orbits between 1.5
and 12.5 days, on several of which liquid water can exist [Gil+17]. The closest ultra-short
period planets with orbits < 1 d occur in only 1-4 out of thousand GK stars, are perhaps
an order of magnitude more common in M dwarfs, and are usually rocky and smaller than
planets in wider orbits [San+14; URP21; WSR18; ZD21]. Hot Jupiters, gaseous giant planets
at periods below 10 d, are a little more common. About 1% of stars host planets like 51 Pegasi
b [MQ95], that have surface temperatures heated by stellar irradiation up to about 1,00-2,000
K [May+11; Wri+12]. In the intermediate radius regime between Jupiter- and Earth-sized
planets, Neptunes in short orbits are a particularly curious population. Their extreme rarity
at periods below 5 days coined the term Hot Neptune Desert [MHF16], and is believed
to be caused by the combined effect of radial planet migration and efficient atmosphere
evaporation due to stellar activity [MK16; OL18]. AU Mic b [Mar+21; Pla+20] is such a young
Neptune in an orbit of about 8.6 days, and will appear prominently in Chapter 8. These
four types — close-in habitable zone planets, ultra-short period planets, Hot Jupiters and
Neptunes — can find themselves within the Alfvén zones of their magnetically active hosts.
This can can lead to interactions between star and planet wherein the planet influences the
star, which are impossible at lager separations (Section 3.3).

3.2 Exo-space weather

Liquid water atop a rocky surface alone is not enough to make a planet habitable. There
are factors that can play a role, such as an inefficient carbon cycle [Fol15], or the absence
of ocean convection [OJA20], which could preclude life. A certain reason for concern,
however, is the ability of low mass stars to alter and erode planetary atmospheres with their
magnetism [SBJ16]. Since they all operate a dynamo in their interior, the planets will be
exposed to their magnetic main sequence evolution over millions and billions of years.
The Sun is, of course, no exception. In the Solar System, the Sun’s influence on the planets
is not limited to its 6,000 K blackbody irradiation. Solar magnetic activity affects us in the
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form of high energy irradiation from flares, and storms of energetic and magnetized plasma
that hit Earth’s magnetosphere, collectively called "space weather".

Space weather consists of a range of phenomena. Incoming particles, radiation, and
electric currents pose a threat to the sensitive technology of spacecraft [22] and the health
of space travelers [DC11]. Usually, charged particles are deflected by the magnetic field, and
do not make it to Earth’s surface. What we see as auroras at higher latitudes are particles
channeled back into the magnetosphere from the night side, where they are accelerated
after re-connection occurs in the magnetospheric tail [Dun61].

However, sufficiently strong disturbances in Earth’s magnetic field, classified as geo-
magnetic storm [Gon+94], can reach the Earth’s surface with detrimental effects on the
infrastructure. The intensity of a geomagnetic storm is determined by the distance of Earth
from the Sun, the structure of the terrestrial magnetic field, its orientation with respect to
the magnetic field of the incoming plasma, the kinetic energy of the plasma and its magnetic
field strength, and the frequency with which smaller storms occurred in the immediate
past [DC11]. Other types of space weather are called solar radiation storms and radio
blackouts. Solar radiation storms refer to unusually high amounts of energetic particles
arriving from the Sun. Radio blackouts are the direct effects of strong solar flares. Its
intense X-ray and UV radiation ionizes the air around spacecraft in low orbits, disrupting
communication. Today’s extensive space weather monitoring and preparedness prevents
most - but not all [Wal22] - negative effects of space weather, so that large scale power out-
ages [Bot19], accidentally exploding mines [Let18], or misinterpretations of communication
loss as adversary attacks [TL18] are no longer likely to occur.

Compared to younger and smaller stars, the Sun is only weakly active and Earth is at a
"safe" distance from most of its whims. Earth’s magnetic field shields our atmosphere from
being eroded, and our atmospheric ozone efficiently absorbs most high energy radiation.
M dwarfs, the prime targets for exoplanet discovery, and the most common and long-lived
type of stars, have their habitable zones in very close orbits [KWR93]. And as we have seen
in the previous section, every other M dwarf is likely to host a planet in that zone. The
youngest planets probably experience the most extreme space weather conditions [Alv+22].
Stellar winds and high energy radiation at ultraviolet (UV), extreme ultraviolet and X-ray
wavelength in young systems can evaporate their atmospheres [Ehr+15; Kul+14; SOH21],
which are the favored explanations for a lack of planets with intermediate radii [Ful+17]
and the Hot Neptune Desert [MHF16]. Evaporation is observed spectroscopically during
transits [VB17], and reconstructed in numerical simulations [Har+21; Kho+07; Lam+03;
OM16; Owel9; Vid+15]. The combination of both is likely more than the sum of the
two [Har+21], but the relative contributions from each, winds and radiation, are not yet
well understood.

3.2.1 Flares and habitability

As we have seen in Section 2.6.1, flaring activity in low mass stars is much stronger than in
the solar case [Sch+14b; Sch+15a; Wes+11; Xin+21]. This bears important consequences for
the planets in their orbits.
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On the one hand, flares could be an agent that enables UV chemistry that is required for
the synthesis of prebiotic molecules [Rim+18]. On the other hand, it can affect both the short-
term [Seg+10; Ven+16] and long-term [Che+21; Joh+15] evolution of planetary atmospheres.
Flaring significantly contributes to their X-ray, UV and energetic particle influx [Air+17;
AM20; Loy+18b] to an extent that it can destroy the protective ozone layer of an Earth-like
atmosphere if the flare is accompanied by energetic particles [Cha+17; Seg+10; Til+19].
Particularly the association of flares with energetic particle events and CMEs is expected to
have a large impact on the planetary atmosphere’s mass and composition [Haz+22; Vid+13].

Energetic particle events can push a planet’s atmospheric conditions out of the habitable
zone, but also into it [Sch+20]. The flux of such particles is difficult to constrain in both
theory [Fra+19] and observations [Her+19]. Observing CMEs is similarly difficult [Lei+20].
The majority of the most energetic flares on the Sun are accompanied by CMEs [CRZ17].
However, this relation is not established on other stars [Dra+13; OW15]. Observations
and simulations suggest that CMEs may carry the same amount of energy but at lower
velocities because the strong magnetic field suppresses the ejection, increasing the required
escape velocity [Mos+19]. The slow speed can make them invisible for solar-like CME
indicators [Alv+20], but need not reduce their impact on planets [Tsu+04].

An important aspect of solar CMEs is their ejection direction. CMEs are launched in a
cone radially outward from the location of the flare [How+85; St +00]. If this is true for
stellar CMEs, the latitude at which flares occur will affect the mass loss induced in the planet.
Many simulations assume that flares and CMEs are launched in a direction close to the
orbital plane of the planet [Alv+22; Til+19], but if this is not the case, the CME may simply
miss the planet. In Chapter 7, we will see that some of the most energetic flares in fully
convective stars indeed occur at high latitudes, in contrast to the usually modeled case of
Sun-like stars.

3.3 Star-planet interactions

The term space weather usually marks a one sided-relationship — the planet deals with
the radiation and particles received from the star, but the star itself is not affected by the
presence of the planet. However, planetary companions that are in sufficiently close orbits
can interact with their host stars, and leave transient or even permanent traces in their
behavior. We distinguish two main types of such interactions — tidal and magnetic.

Tidal interactions are caused by gravitational force similar the Moon’s influence on Earth,
albeit with reverse direction of angular momentum transfer [LM16; MR13]. A massive, fast
orbiting planet may transfer angular momentum onto the star, slowing down until the stellar
rotation period is equal to the planetary orbital period, spinning up the star in the process,
and subsequently increasing its overall activity level [IPH22; SL18].

Magnetic star-planet interactions can most unambiguously be traced as periodic signal of
magnetic activity in phase with the orbit of the planet. If a planet is sufficiently close and
large enough it can directly transfer energy and matter from its atmosphere onto the star, a
phenomenon observed in close stellar binary systems [Mas+08; MMNO2], and planet-moon
systems like Jupiter and Io [Big64; Sau+13; Zar98]. Plasma expelled from Io can spiral along
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these magnetic fields and hit Jupiter’s atmosphere where it creates a hot spot visible in UV
light [Cla+02]. The necessary conditions for this interaction are a. that the planet orbits
within the Alfvén zone of the star (see Section 2.6), and b. that the planet is conductive or
even possesses an intrinsic magnetic field.

In the case of Sun and Earth, tidal effects are negligible, and magnetic effects are absent
because Earth is outside the Sun’s Alfvén radius. The solar wind carries away any particles or
magnetic field perturbations that Earth can expel or cause. But as we have seen in Section 3,
the relative masses, distances, and magnetic field strengths and configurations in other
star-planet systems are nothing like in the Solar System. For those, planetary conductivity
and magnetism are observationally out of reach, but the extent of the Alfvén zone can be
modeled. And indeed, many planets are found close enough to their hosts to be considered
sub-Alfvénic [Fol+20].

When magnetic star-planet interaction occurs, it may manifest itself as chromospheric
hot spots [Cau+19; Kle+22; Shk+05], coherent radio emission [Ved+20], or flares in excess
of intrinsic activity [Mag+15; Pil+11; Pil+14; Pil+22]. However, the shape of the temporal
modulation caused by the interaction is easier to constrain than its amplitude [Lan18;
Str+15; Str+19]. Many studies searching for modulation with orbital period either find no
signal or periodic variability with rotation period instead [PS11; Sca+13; Shk+08], and the
observational evidence so far is tentative at most. The interaction can also temporarily
cease due to the randomness of flare occurrence [Shk+08], activity cycles that influence
the stellar wind and affect the extent of the Alfvén zone [Kav+19], and variability inherent

in the accretion mechanism of magnetized plasma from the planet onto the star [Col+22].

These effects hamper even the definition of upper limits on the amplitude of the interaction
signal. However, in Chapter 8, we will find that might be just a few light curves away from
a statistically robust detection of flaring star-planet interaction in the most actively flaring
planet host known to date, AU Mic.
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4 Observing flares as
probes of magnetism

In the previous Chapters we gained an overall idea of stars, planets, and their magnetism,
understood how flares emerge in this landscape, and what role they play in investigating
main sequence magnetic evolution, space weather in star-planet systems, and magnetic
star-planet interactions. We have seen how the studies that will follow in Chapters 6-8 fit
this context. To complete the picture, the following pages take a more practical observer’s
perspective on the study of flares to sketch the circumstances that enabled this thesis.

In Section 4.1, I will lay out how the surge in exoplanet hunting missions, and the flood of
observational data that came with it has tremendously improved our access to flares. With
it came the demand for new tools for the fast and reliable analysis of centuries worth of
observations (Section 4.2). In the final two Sections, 4.3 and 4.4, I will lay out how these
efforts are beginning to pay off.

4.1 Exoplanet transit surveys find flares in abundance

Flares can be extremely energetic, sometimes enhancing the (bolometric) stellar flux by
orders of magnitude [Pau+19; Sch+14b] (Fig. 4.1). In fact, most stellar flares observed so
far are more energetic than the Carrington event [Car59], the most energetic solar flare
to hit Earth in recorded history. This makes them more accessible than other magnetic
features of the star, particularly in small stars where the blue-hot flare temperature appears
in strong contrast against the cool-red spectrum of the star (see Section 2.5). Why has the
bright-and-high-contrast advantage of flares not been exploited earlier?

The main downside of studying flares is the stochastic nature of their occurrence. An
active region produces flares following a Poisson process with a mean flare rate such that flare
occurrence times appear randomly distributed in time [Whe00; Whe04]. In a fully emerged
active region, the waiting times between flares follow an exponential distribution which is
cut off at the short end by the detection threshold of small but abundant flares [Whe01]. If
my observing time is short, catching a flare is a matter of chance. To study flares on stars
that are typical of low mass stars and not the most vigorously active young M dwarfs like
AU Mic (Chapter 8), YZ CMi (Fig. 4.1), or the flare prototype star UV Ceti [Luy49], one
needs to stare at stars for days and weeks on end, and produce hundreds or thousands of
light curves. An optical light curve is a time series of photometric observations, ideally
uninterrupted and taken at a steady cadence. In such light curves, flares typically appear
as sudden outbursts in flux with a fast rise and exponential decay, which takes between
minutes and hours (Fig 4.1).

Until recently, the required amount of observations with sufficiently high cadence and long
enough baselines for the study of typical low mass stars was unattainable. Smaller numbers
of light curves of flares were regularly obtained from the ground since the cataloging of the
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Figure 4.1: Flare with a typical time evolution observed photoelectrically with a U band filter on
YZ CMi by [Mof74]. Ir is the flare flux relative to the quiescent flux level of the star, and the time
is denoted in Heliocentric Julian Date. The flare shows a rapid rise, sharp peak at which YZ CMi
becomes 25 times a bright as usual in the U band, and an exponential decay returning the stellar flux
to the pre-flare level after a few minutes. The bump in the decay portion of the flare could be a small
flare superimposed on the large one.

prototype flare star UV Ceti [Ger72; Luy49; Mof74], but were not worthwhile for the less
active stars. The Convection, Rotation et Transits planétaires (CoRoT [Auv+09]) mission
took 60 day long light curves from space aimed mostly at massive but also some solar type
stars, some of which captured flares [Bag+09; Fla+18]. However, only with the launch of the
Kepler satellite in 2009 [Bor+10] did long-baseline high precision optical light curves become
available for large numbers of low mass stars. Designed to search for transits of exoplanets
in short orbits, they have produced several millions of light curves, each between three and
twelve weeks long. Kepler, and its extension, called K2 [How+14], retired in 2018, but the
Transiting Exoplanet Survey Satellite (TESS, [Ric+15]), launched in the same year, continues
watching the entire sky and producing high cadence stellar monitoring data suitable for
flare hunting. In the near future, this archive will grow even further with the expected
launch of the PLATO mission in 2026 [Rau+14]. Modern-day ground based flare observations
with the Evryscope [Law+15], the Next Generation Transit Survey (NGTS, [Jac+20; Jac+21;
Whe+18]), or the ExoEarth Discovery and Exploration Network (EDEN, [Gib+20; Lin+21])
step in where the rather large detector pixels or the lack of long term or flexible monitoring
for many stars in Kepler and TESS are lacking, but they cannot replace the unprecedented
volume of their observations: Flare catalogs obtained by Kepler and TESS [Dav16; Giin+20;
YL19] each contain 10® — 10* stars and 10* — 10° flares, instead of the dozens and hundreds
in the past century [Ger72; Ish+91; Mof74]. This is the first enabling factor for this thesis.
The second is fast and automated data processing techniques.
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4.2 Searching for flares in large archives

Kepler and TESS detected the most flares, but they were not intentionally designed to do so.
In the hunt for exoplanets, any kind of stellar activity, such as flares, is a source of noise
to be eliminated. Data reduction pipelines designed for transit surveys aim to preserve the
transit signal, and flare signal is often removed in early stages of the analysis as it biases
the quiescent flux level towards higher values or even appears during a transit dip, directly
interfering with the fitting of the planetary signal.

Flare studies thus have to develop their own pipelines to automatically and reliably detect
events. Manual inspection is no longer feasible with a thousand or more light curves per
study. They need to account for instrumental and astrophysical false positives such as
satellite movement, cosmic rays and Solar System objects that create spikes in flux that can
mimic flare signals, as well as non-flaring stellar variability such as rotational modulation, or,
ironically, planetary transits. A variety of (semi-)automated algorithms have been developed
to efficiently detect and characterize true flare signatures in the cumulative centuries of
observations amassed to date [Dav16; Fei+20; Giin+20; VR18; VSD17; Wal+11]. They all
face different trade-offs between the rate of false positives and false negatives, and achieve
similar results.

In Chapters 6, 7 and 8, | made use of the AltaiPony algorithm that I designed to search for
flares in Kepler and TESS light curves. Beyond the flare finding pipeline, it includes methods
to quantify the efficiency and biases of the flare detection, and perform the standard statistical
analysis of flares [Ili21]. Several studies have made use of AltaiPony so far (e.g., [Bou+22;
Ram+22; RDD20; Zel+21]) since it is an open source software with an instructive online
documentation'. The peer-reviewed software paper is reproduced in Chapter 9.

4.3 Individual flares

Because flares are so self-similar, unusual flare shapes contain information about the stellar
system that goes beyond the flare itself. The large amount of flares in the Kepler and TESS
archives allows us to search for and study rare flares that deviate from the classic flare
shape (Fig. 4.1, [Dav+14; HM22]). Ground based observations of the most energetic stellar
flares in nearby active stars revealed early on that light curves of the more energetic but
less common flares sometimes show irregularities [Mof74]. Less energetic flares more often
conform to the typical shape [Dav+14; Haw+14]. High cadence TESS observations (like in
the bottom panel in Fig. 4.2) allowed us to find structure in the regularity, most of which are
pending a convincing explanation [HM22].

Multi-peaked flares are the most common type of complex flares. They can often be mod-
eled as superpositions of 2-10 classical flares occurring within a short time frame [Dav+14;
Giin+20]. The clustering in time can either be physical, in which case the flares triggered
one another in a cascade within an active region, or coincidental, when two flares in two
spatially distinct regions occur almost at the same time. However, when a large number of

1 altaipony.readthedocs.io, accessed on April 21st, 2022
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Figure 4.2: Selected sections of light curves of actively flaring stars, observed by Kepler (top panel),
K2 (mid panel), and TESS (bottom panel). The time axis is offset to compare the different lengths of
the selections. All selections encompass the same number of data points, which were taken with
increasing temporal resolution from top to bottom. All three stars show rotational variability and
flares. KIC 9459362 (top panel) has a rotation period of 12.5 d, and shows clear signs of spot evolution,
seen in the changing shape of the light curve rotation after rotation. The light curve of K2-100
(middle panel) shows very low amplitude flares at around t = 1.4 — 1.5 d, the transits of K2-100 b at
t #0.6dandt =~ 2.2 d, and systematic errors at t ~ 0.2 d and t = 2.1 d. They are common sources of
false positive flare detections in the handicapped K2 mission [Van+16]. UV Cet (bottom) is a fully
convective, rapidly rotating, nearby M dwarf, after which actively flaring stars have been historically
named. It shows the flare with the highest amplitude in this figure, which temporarily brightened
the star by ~ 30%.
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flares is required to reproduce the shape of the flare light curve, it becomes more likely that
an additional process modulates the shape of the light curve.

The high cadence of observations achieved with Kepler (1 min) and TESS (2 min and
20 s) allows us to access relatively subtle substructure in flares, and establish new categories.
Additions to the flare zoo are peaked flares followed by a bump, flares that reach the peak and
keep emitting at peak flux for several minutes before decay, or flares with substructure in the
rise phase [HM22]. A particularly interesting complex type of flare is one that exhibits quasi-
periodic pulsations (QPPs) in the decay portion of the light curve. QPPs are commonplace on
the Sun [Asc+99; Nak+99], and shown to follow similar physics in stars [Cho+16]. Although
stellar QPPs have been known to occur in the optical regime for a long time [MHB92; Rod74],
Kepler and TESS revealed that they are regular events on a variety of stars [HM22; Kol+21;
Ram+21]. The frequency of oscillations can be interpreted as waves traveling at Alfvén
speeds along the flaring loops. The frequency implies a wavelength that can be used to
estimate the size of the magnetic coronal loops [CP06; Nak+06], which appear to reach
heights from a fraction and up to several stellar radii [Anf+13; Jac+19; Ram+21]. However,
not all oscillations turn out to be QPPs. In Chapter 7, you will see light curves of flares
that occur only about once every 120 years. They appear periodically modulated, but not
because of QPPs, but because the flaring region on the star rotates in and out of view of the
observer. They can easily be distinguished from QPPs: The frequency of the oscillation is
both longer than the longest QPP periods known so far, and perfectly matches the stellar
rotation period seen in the light curve outside the flare. Without anticipating the result from
Chapter 7, I can already say this much: These flares are a prime example of how complex
flares encode unique information about stellar magnetism that goes beyond the flare itself.

4.4 The age of flare statistics

Equipped with large samples of flare light curves of all kinds of flaring stars (Section 4.1),
and efficient software to search for and characterize flares (Section 4.2), we have overcome
the two major obstacles thwarting the rise of flare statistics, without which this thesis could
not exist. We can now count, stack, and sum flares, calculate their amplitudes, durations,
waiting times and energies. Since flares are a stochastic phenomenon, statistical analysis is
the appropriate approach to understanding their underlying causes and global effects. And
even in the study of individual events (Section 4.3), we have to rely on a body of reference
flares to decide whether the particular event is within the norm, an expected outlier, or a
truly new category.

Flare statistics with Kepler and TESS have confirmed the universal properties of flares
across more than ten orders of magnitude in flare energy [Fei+22; Ili+21a; Not+19], down
the entire main sequence from the onset of a convective envelope at spectral type F5,
and into the brown dwarf regime [Fei+20; Ola+21; Pau+20; SPZ22]. They can be used
to quantify the magnetic main sequence evolution of stars, such as we will explore in
Chapter 6 for main sequence stars in open clusters (see also [Ili+19]), as a function of
spectral type [Dav16; Wal+11] or rotation [Mae+15] or both [Rae+20], or in pre-main
sequence stars [Fei+20]. The distributions of flare energies constrain the impact of flaring
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activity on the onset of abiogenesis and ozone depletion [BSR22; Giin+20; Til+19]. Finally,
magnetic interactions (Section 3.3) between planet and star can show up as a statistical
uptick of flare events at certain orbital phases of the planet [CPM22; FS19], as we will shortly
explore in Chapter 8.
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The following Chapters contain three astrophysical stories [Ols15] that I hinted at here and
there in the previous parts, and that should now fall readily into place within the fascinating
landscape of low mass star-planet systems. The first is about stellar magnetic evolution, the
second about the dynamic small-scale magnetic fields of the smallest stars and their relation
to space weather, and the last one is about the magnetic interaction between a planet and
its young, dangerous host. The main characters will, of course, be flares.

In the first story (Chapter 6), we will comprise the largest catalog of flares observed by
the Kepler/K2 mission in main sequence open clusters with ages ranging from ZAMS to
solar. The frequencies and energies of the flares in this catalog will reveal that stellar mass,
rotation, and flaring activity are intimately connected, but that their relation is far from
linear. It will become clear that age is not the fundamental characteristic that defines a star.
We will see that flaring drops by 1-2 orders of magnitude when a star reaches a certain
rotation period, and not when it reaches a certain age. This indicates a drastic change in how
the dynamo generates the star’s magnetic field, in particular the strong small-scale fields
close to the surface. We will identify the stars caught in transition from the saturated into
the unsaturated activity regime — early M dwarfs in the Praesepe and Hyades open clusters
— as objects of high interest for further investigation. Their magnetic field configuration
may reveal an intermediate state between young stars with saturated activity and stars that
have already spun down to Sun-like, slow rotation periods.

The second story (Chapter 7) is about a discovery that could only be made in the age of
flare statistics. Four peculiar, highly energetic flares occurred on stars that rotate so fast that
their individual light curves with their fast rise and exponential decay shapes are modulated
as the flaring region on the stellar surface moves in and out of view while the star rotates.
Their morphology, captured by TESS with high temporal resolution, cannot be confused
with any other type of irregularity that flare light curves exhibit. These rare flares can occur
about once in 120 years in fully convective, rapidly rotating M dwarfs — an observational
baseline that has been out of reach before Kepler and TESS. But what makes them truly
remarkable protagonists is the shape of the modulation. It can be systematically used to
infer the location of the flaring region on the stellar surface — a crucial piece of information
about the small-scale magnetic fields of these stars. These flares appeared at high latitudes,
closer to the rotational poles of the stars than to the equator, consistent with the predictions
of several dynamo models, models of flux emergence, and magnetic measurements that
suggest large magnetic field concentrations in the polar regions of these stars.

The last story (Chapter 8) features AU Mic, a young, pre-main sequence M-type dwarf,
and its innermost planet, AU Mic b. AU Mic has long been known to be actively flaring, but
only in recent years did exoplanet hunters find its planetary companions, one of them in a
close-by orbit of less than 9 days, making this star the most actively flaring exoplanet host
known to date. This system, emerged from its protoplanetary disk only about a dozen years
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ago, represents the youth of many star-planet systems we have detected and will continue
discovering in the near future. The close orbit of AU Mic b could, depending somewhat on
the yet unknown wind speed in the system, reside inside the Alfvén zone of the host star, and
experience magnetic star-planet interactions. We developed a reliable and straightforward
statistical test to show that most of the 189 flares we found in the system’s TESS light curves
are intrinsic. However, a small number might have been caused by the disturbance AU Mic
b caused within the stellar magnetosphere. Encouragingly, we could estimate that another
2-4 TESS light curves, which can be obtained within the next few years during the satellite’s
second extended mission, will be sufficient to conclusively confirm or refute this tentative
finding.

Finally, in Chapter 10, after highlighting AltaiPony (Chapter 9) as the software that is
the work horse behind all these studies, I will invite you to take a look ahead. Some of the
stories presented here have a sequel: New observations are underway, new techniques are
ready to be applied. I will extrapolate the scientific revenue of TESS, but also take a peek
at future small- and large-scale missions. In the end, it shall become clear why we have
only just begun to uncover the full potential of flares as probes of magnetism in star-planet
systems.
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Abstract

Magnetic fields are a key component in the main sequence evolution of low mass stars.
Flares, energetic eruptions on the surfaces of stars, are an unmistakable manifestation of
magnetically driven emission. The occurrence rates and energy distributions of flares trace
stellar characteristics such as mass and age. However, before flares can be used to constrain
stellar properties, the flaring-age-mass relation requires proper calibration. This work sets
out to quantify the flaring activity of independently age-dated main sequence stars for a
broad range of spectral types using optical light curves obtained by the Kepler satellite.

Drawing from the complete K2 archive, we searched 3435 ~ 80 day long light curves of
2111 open cluster members for flares using the open-source software packages K2SC to
remove instrumental and astrophysical variability from K2 light curves, and AltaiPony to
search and characterize the flare candidates.

We confirmed a total of 3844 flares on high probability open cluster members with ages
from zero age main sequence (Pleiades) to 3.6 Gyr (M67). We extended the mass range
probed in the first study of this series to span from Sun-like stars to mid-M dwarfs. We
added the Hyades (690 Myr) to the sample as a comparison cluster to Praesepe (750 Myr),
the 2.6 Gyr old Ruprecht 147, and several hundred light curves from the late K2 Campaigns
in the remaining clusters. We found that the flare energy distribution was similar in the
entire parameter space, following a power law relation with exponent a = 1.84 — 2.39.

We confirm that flaring rates decline with age, and decline faster for higher mass stars.
Our results are in good agreement with most previous statistical flare studies. We find
evidence that a rapid decline in flaring activity occurred in M1-M2 dwarfs around the ages
of the Hyades and Praesepe, when these stars spun down to rotation periods of about 10d,
while higher mass stars had already transitioned to lower flaring rates and lower mass
stars still resided in the saturated activity regime. We conclude that some discrepancies
between our results and flare studies that used rotation periods for their age estimates could
be explained by sample selection bias toward more active stars, but others may point to the
limitations of using rotation as an age indicator without additional constraints from stellar
activity.
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6.1 Introduction

Flares are explosions that occur on the surfaces of practically all low mass stars down to
the very bottom of the main sequence. We know that flares are magnetic reconnection
events that lead to a change in field line topology and subsequent energy releasePriest and
Forbes [PF02]. We can observe flares in nearly all electromagnetic bands, from radio to
X-ray, and on all stars that possess a convection zone, from late F type stars to ultracool
dwarfs [BG10; Giz+13; SKDO00].

Stellar flares on cool stars can enhance the optical flux by multiple orders of magnitude
within minutes or seconds [HHISR91; Sch+19], and release energies up to ~ 10%7 erg [Dav16;
Mae+12]. They typically exhibit blackbody emission at about 10 000 K [HF92; Kow+13],
which is significantly hotter than the photospheres of these stars (2500 — 6500 K). The high
intensity, strong contrast, and broad energy distributions allow us to measure magnetic
activity as traced by flares for a great variety of time resolved observations.

Statistical flare studies were pioneered from the ground [LME76], but it was not until space
missions like Kepler [Koc+10] that investigating stellar ensembles that were not preselected
for their activity became possible [Wal+11]. Today, the ground based all-sky surveys
ASAS-SN [Sha+14] and Evryscope [Law+15], as well as the Transiting Exoplanet Survey
Satellite (TESS, [Ric+15]), are following in the footsteps of Kepler (see works by [Fei+20;
Giin+20; How+19; How+20; Rod+20; Sch+19]). Statistical studies of stellar flaring activity
can help us understand the underlying physical processes of flares [BG10], the nature and
strength of stellar magnetic fields [Ber06; Ode+17], starspots [Dav15; How+20; Not+19],
how flares relate to stellar angular momentum evolution [How+20; Mon+19], and how they
affect the atmospheres of exoplanets [How+19; Lec+12; Loy+18b; Til+19].

The present study focuses on the relation between flares and the age of low mass stars
on the main sequence. To this end, we set out to quantify how flaring activity changes as a
function of stellar mass and age.

In cool main sequence stars, the fraction of stars found flaring in the optical is known
to increase down to spectral type M5 [CWO20; Yan+17]. Even beyond M5, and down to L
dwarfs, flaring is ubiquitous [Giz+13; Pau+18; Pau+20; RPS10; Sch+15a; Sch+16a; Ste+06]. In
fact, the prototype flare star, UV Ceti, is an M6 dwarf [KHM91]. Flaring activity also decays
with age, but stellar ages can only be determined indirectly. Using galactic latitude as a
proxy for age, flaring activity appeared to decline with higher galactic latitude, that is, older
age, for M dwarfs [Hil+10; How+19; Wal+11]. In gyrochronology, fast rotation indicates
young age [Bar03], and as the star ages rotation periods grow longer. Therefore, the relation
between rotation and flaring can be used to calibrate a flaring-age relation [Dav+19].

In M dwarfs, the fraction of stellar luminosity emitted in flares is correlated with the
fraction emitted in He in quiescence [Yan+17]. Quiescent Ha emission was also explored
as an age tracer in the past [LPS16; Pac13; SDJ91]. More recent work has focused on stars
older than a gigayear and calibrated the Ha-age relation using isochronal [Lor+18] and
asteroseismic ages [Boo+17; Boo+20], suggesting that an age calibration of flaring activity
is possible.

While absolute stellar ages are difficult to assess, they can be differentially controlled for
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in coeval groups of stars. Flaring-age studies in binaries have shown consistent activity for
both components in the majority of targets [Cla+18; Lur+15]. Open clusters are also coeval
groups of stars with well-determined isochronal ages that have been used as a laboratory
for flare studies on stars with a fixed age [CBH15; Mir93]. [1li+19] investigated the flaring
activity of late-K to mid-M dwarfs in three open clusters, the Pleiades, Praesepe, and M67,
using K2 time domain photometry. We analyzed flare frequency distributions (FFDs) broken
down by the stars’ effective temperatures T and ages. We found that flaring activity
declined with both increasing mass and age, and that the trend was more pronounced for
higher mass stars.

This study extends the results in [Ili+19] to the age of Ruprecht 147 (2.6 Gyr), and both
higher and lower masses than in the previous study. We used the now complete K2 data set,
supplemented all three open clusters in [Ili+19] with improved versions of already treated
light curves in Campaigns 4 and 5, and added light curves from later Campaigns. The light
curve catalog, and the determination of cluster membership and effective temperature for
the investigated stars are detailed in Section 6.2. We describe how we used a semi-automated
flare finding procedure, how we estimated flare energies, and how we parametrized the
statistical properties of flares in Section 6.3. We present our findings in Section 6.4. We
place our results in the context of recent flare studies, and reflect on the power law nature
of FFDs in Section 6.5. Recently, [Dav+19] proposed an empirical parametrization of the
flaring-mass-age relation based on FFDs of stars with gyrochronologically determined ages,
which we also put to test in the discussion. The summary and conclusions can be found in
Section 6.6.

6.2 Observations and data analysis

This work is based on K2 long cadence light curves with an integration time of 30 minutes
that were provided by the Kepler archives hosted at the Barbara A. Mikulski Archive for Space
Telescopes (MAST) (Section 6.2.1). To select a sample with independently derived ages we
began by gathering open cluster membership information from the literature (Section 6.2.2).
An overview over the cluster sample is presented in Table 6.1 and illustrated in Figure 6.1.
To characterize the stars in the resulting catalog for the analysis that followed, we used
multiband photometry from several all-sky surveys to assign To (Fig. 6.2) and determine
stellar radii (Fig. 6.3) using empirical relations, and eventually calculated stellar luminosities
in the Kepler band (Section 6.2.3).

6.2.1 K2 light curves

The Kepler [Koc+10] spacecraft finished its follow-up mission K2 [How+14] in September
2018, after having completed nearly 20 80-day observing campaigns. With the full archive
at hand, we selected and analyzed a total of 3435 light curves of high confidence members
of five open clusters. Each light curve contained up to 80 uninterrupted days of 30 min
cadence observations in white light (4, 200 — 9, 000 A)

As K2 was conducted on the two-wheeled Kepler satellite, it was subjected to substantial
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Figure 6.1: Distance as a function of age for open clusters (star symbols) that we searched for flares,
colored by [Fe/H]. Age, distance, and [Fe/H] are approximate values from a compilation of existing
literature, see Appendix 6.7.2.

drift motion (spacecraft roll, [Van+16]) and had an overall reduced pointing accuracy. To
mitigate these effects, various solutions were developed [APP16; Lug+16; Lug+18; V]J14].
We used the K2 Systematics Correction (K2SC) pipeline [APP16] with minor modificiations
to de-trend the 36th data release of the K2 data products. This data release was final, and
included a uniform, global reprocessing of most K2 campaigns using an improved data
reduction pipeline”.

6.2.2 Open cluster membership

For each open cluster, we obtained membership information from a selection of catalogs
which we cross-matched on right ascension and declination within 3 arcsec against the full K2
archive. One part of the membership catalogs provided membership probabilities [Can+18;
Dou+14; Gao18; Oli+18; Rei+18b]. For the other part no probability was quoted [Col+18b;
Dou+17; Reb+16], or qualitative classifiers were given [Cur+13; Gon16; Reb+17]. In the latter
cases we assigned approximate probabilities anchored to the set threshold for inclusion into
our final sample (Appendix 6.7.1). Absence in a catalog did not decrease the likelihood of
membership, as each catalog had different selection biases which we did not address in this
study. We set the threshold mean membership probability p for a target in our sample to 0.8.
All in all, we identified 2111 low mass stars in five open clusters spanning ages from zero
age main sequence (ZAMS) to roughly solar. Table 6.1 provides an overview over the final
sample of stars and flares, and the adopted open cluster properties. Membership probability
histograms of the final sample are displayed in Figure 6.14 in Appendix 6.7.1. A literature
overview of age, distance, and metallicity determinations for the open clusters from which

2 https://keplergo.github.io/KeplerScienceWebsite/k2-uniform-global-reprocessing-underway.html, accessed
June 4, 2022
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Table 6.1: Open clusters. The values for age, [Fe/H], and distance d are approximate values arrived
at by a comparison of existing literature (see Table 6.6 in the Appendix). The uncertainties are noted
in parentheses. "stars" denotes the number of cluster members with membership probability p > 0.8.
"LCs" and "campaigns" are the numbers of available light curves, and the K2 campaigns during which
they were observed, respectively. "flares” is the number of confirmed flares found in each cluster.
The quoted Hyades distance is the mean Gaia DR parallax distance. [1] [Can+18], [2] [Gos+18], [3]
[Con+14], [4] [Col+18Db], [5] [Net+16], [6] [Bos+19], [7] [Tor+18], [8] [Bra+18], [9] [Dia+12]

d [pc] stars LCs flares campaigns age [Myr] [Fe/H]
Pleiades 135.6 [1] 741 741 1583 4 135(32) [2]  —0.04(0.03) [3]
Hyades 46.0 170 179 402 4,13 690(150) [4]  0.13(0.02) [5]
Praesepe 1855 [1] 913 1965 1849 5,16, 18 750(3) [6] 0.16(0.00) [5]
Ruprecht 147 305.0 [1] 53 53 9 7 2650(350) [7]  0.08(0.07) [8]
Me67 908.0 [9] 234 497 1 516,18  3639(17) [6]  —0.10(0.08) [3]

we adopt the values for this study is given in Table 6.6 in Appendix 6.7.2°. Below, we provide
additional details on the final samples of each cluster.

Pleiades

The Pleiades, a nearby ZAMS cluster with age estimates ranging from 87 Myr to 141 Myr [Bel+12;

Bos+19; Dah15; Gos+18; Sch+15b; Yen+18], was observed in Campaign 4, and treated in
[li+19]. Here, we used 741 reprocessed K2 light curves from this open cluster, and our
methodological improvements to [Ili+19] to repeat the analysis. We revisited the members
from [Reb+16], which were used in [Ili+19], and merged the catalog with lists of members
determined by [Col+18b; Oli+18]; and [Can+18].

Hyades

The Hyades are a 625 — 690 Myr old open cluster [Col+18b; Gos+18; Per+98; SWP98] that
was observed during Campaigns 4 and 13 with K2. We merged membership tables obtained
from [Dou+14; Rei+18b]; and [Col+18b] to select 170 high confidence members, nine of
which were observed in both K2 campaigns.

Praesepe

Compared across different studies, Praesepe (590 — 830 Myr, [Bos+19; Bou+12; Gos+18;
Sch+15b; SWP98; Yen+18]) is a little older than the Hyades on average. The open cluster
was observed during Campaign 5, and was also treated in [Ili+19]. It was observed again
during campaigns 16 and 18. We revisited the membership catalog from [Dou+14], and
matched it to the members identified in [Can+18; Dou+17; Reb+17]; and [Col+18b]. This
was the richest sample with over 900 stars and nearly 2000 light curves.

3 The analysis code for this section can be found at https:/github.com/ekaterinailin/
flares-in-clusters-with-k2-ii in the "Membership_Matching" directory (accessed June 4, 2022).
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Ruprecht 147

Ruprecht 147 is an open cluster with estimated ages from 2.0 Gyr to 3.1 Gyr [Col+18b; Cur+13;
Sch+15b; Tor+18] observed during Campaign 7 with K2. We used the mean membership
probabilities obtained from [Can+18; Cur+13; Oli+19], and [Col+18b] to identify the 53
most likely members with K2 light curves as described above.

Me67

Mé67 is an old open cluster that has 234 members which were observed during campaigns 5,
16 and 18. Its age is about solar, with estimates ranging from 3.4 Gyr to 4.3 Gyr [Bar+16;
Bos+19; Dia+12; One+11; Sch+15b; SWP98]. The relatively large distance of about 900
pc [Dia+12] limited the number of observable low mass stars in this otherwise rich cluster.
We did not find any flares in M67 in Campaign 5 [Ili+19] light curves of members identified
by [Gon16]. Campaigns 16 and 18 delivered both additional observations, and new targets
to our previous sample, yielding almost 500 light curves for this open cluster. We merged
the members from [Gon16] with a recent study based of Gaia DR2 data [Gao18].

6.2.3 Effective temperatures, stellar radii, and luminosities

To study the flaring-age-mass relation, we needed to determine effective temperatures
(Tesr, Section 6.2.3), and the luminosities in the Kepler band (Lkp,«, Section 6.2.3) of the
investigated stars. Ly}, « was required to determine the flare energies, and T.q was used as
a proxy to stellar mass. Since our catalog of stars spanned a wide variety of observables,
no reliable Gaia parallaxes were available for a significant fraction of the targets, no single
photometric survey covered all stars with broadband observations, and there was no emprical
relation available that could have been used to derive T.¢ for the entire range of spectral
types. Empirical color-temperature relations (CTRs) suffer from systematic errors that stem
both from the different methods applied, and from sample selection biases. We therefore
used several empirical relations in their appropriate ranges to obtain T.¢ from each, and
draw a more reliable mean. Targets that were lacking sufficient photometric data to derive
Ter, or that were too hot to be expected to have a convective envelope (T.g > 7000 K), were
removed from the sample. We dropped all targets where the uncertainty on the weighted
mean T.g was greater than 10 %. Only targets that were assigned a T.g were searched for
flares. To eventually derive Lxy, . from Tog and model spectra we also required stellar radii
as an intermediate step (Section 6.2.3).

Effective temperatures T

We determined T.¢ using broadband photometry from the Two Micron All Sky Survey (2MASS;
[Skr+06]), the Panoramic Survey Telescope and Rapid Response System Data Release
1 (PanSTARRS DR1; [Cha+16]), and Gaia Data Release 2 (Gaia DR2; [Col+16b; Col+18b])
with the following quality cuts: We required the 2MASS measurements for J, H, and K to be
"A" "A" meant that measurements had S/N > 10 and ¢ < 0.11. For PanSTARRS photometry,
we required that the QF OBJ_GOOD quality filter flag was set. SDSS and PanSTARRS ugrizy
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bands were similar but not identical. They could be converted using Table 2 in [Fin+16]. And
for Gaia photometry, we cut at f1lux/flux_error > 10 in the G, BP, and RP bands. Gaia
astrometry solutions were only used when the Renormalized Unit Weight Error (RUWE)
was < 1.4. We also removed foreground stars using Gaia DR2 parallaxes. We corrected
the 2MASS and PanSTARRS photometry from the distant clusters M67 and Ruprecht 147
for extinction using the most recent version of the dustmaps [Grel8] package that pro-
vides 3D dust maps derived from 2MASS and PanSTARRS photometry together with Gaia
distances [Gre+19]. When no Gaia parallax was available we used the cluster median dis-
tance instead. If an extinction value was not available for a given star we used the average
extinction value of the respective cluster. We accounted for extinction in Gaia BP and RP
bands using the reddening E(Bp — Rp) derived from Gaia photometry and parallax from Gaia
DR2 [And+18]. We dropped targets that were too bright and would saturate the detector
(Kepler magnitude K, < 9). Faint targets were not filtered out by a threshold but were
removed from the sample when T.g did not meet the quality criteria described above.

To determine robust Tog (Fig. 6.2), we used CTRs from [Boy+13] and [Man+16] (erratum to
[Man+15]), T derived from Gaia DR2 using the StarHorse algorithm [Que+18], and Tog
inferred from Gaia DR2 using the Apsis pipeline [And+18; Bai+13]. [Boy+13] determined
CTRs from a range of interferometrically characterized stars using g —r,g—i,g—z,9—J,
g — H, and g — K colors from SDSS and Johnson magnitudes for A to K stars. Their sample
was centered on solar metallicity, so we constained the use of these CTRs to stars with
—0.25 < [Fe/H] < 0.25. Following [Boy+13], we transformed 2MASS JHK to ] — H, H — K,
and J — K in the Johnson system from 2MASS to the Bessell-Brett sytem [Car01], and from
Bessell-Brett to Johnson using the relations in [BB88].

[Man+15] derived CTRs from absolutely calibrated spectra to which they fit atmospheric
models to obtain T.g¢. They provided transformations for SDSS/2MASS r — z and r — J, or
Gaia BP — RP where extra information could be added from metallicity or 2MASS ] — H. The
relations in [Man+15] were only valid if metallicity was sufficiently close to solar, which
was satisfied for the open clusters in this paper (see Table 6.1).

We supplemented our estimates with T.g estimates from [And+19] who determined dis-
tances, extinctions, and various stellar parameters for 137 million stars in Gaia DR2 using the
StarHorse pipeline [Que+18]. Gaia DR2 published T. for over 160 million sources [Col+18b].
The typical uncertainty was quoted at 324 K, but it was lower for stars above ~4100 K and
below ~6700K, so that we adopted 175 K which was above the quoted root-median-squared
error in this T.g range, and used provided values only in this range, as the pipeline system-
atically overestimated the temperatures for M dwarfs [And+18; Kes+19].

Finally, we plotted color-magnitude diagrams in all aforementioned colors, and flagged
outliers from the main sequence. These stars were excluded from the analysis.".

4 The analysis code for this section can be found at https:/github.com/ekaterinailin/
flares-in-clusters-with-k2-ii in the "StellarParameters" directory (accessed June 4, 2022)
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Figure 6.2: Empirical color-T.4 relations applied to high probability members of the five open clusters
in this study. Individual stars are connected with lines between subplots to illustrate differences in
the relations. We used PanSTARRS griz, 2MASS JHK, and Gaia DR2 BP and RP photometry with the
following relations: BP — RP (StarHorse, [And+19]);g—r,9g—i,9—2,9— ], 9 — H, g — K [Boy+13];
BP — RP (Apsis, [And+18]); BP — RP (Mann), r — z, and r — J [Man+16]. The majority of connecting
lines show very little slope, indicating that different CTRs are consistent with one another when
applied to our sample. As expected, some relations show noticeable systematic differences, especially
at the high and low temperature ends of their scopes of validity. We did not count results from
Apsis with Ty < 4100 K because the pipeline systematically overestimated the temperatures for M
dwarfs [And+18; Kes+19].
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Figure 6.3: T — R, distributions for all clusters in this study. Each panel shows the distribution
of high probability members of the open cluster indicated in the panel title. Stellar radii R, are
given in units of solar radii. Uncertainties on Tog and R, (gray error bars) were propagated from the
photomety, the color-T.g relations, and empirical Teg — R, relations. The uncertainties on R, were
typically ~ 10 — 15 %, which matches the scatter in the empirical T.g — R, relations. The uncertainties
on T.g roughly correspond to the size of the temperature bins that we chose in this work (see, for
example, Fig. 6.4). The bottom right panel shows all five cluster samples together for comparison.
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Stellar radii

We used a catalog of empirically characterized stars [YPB17] and empirical T.g — R. relations
derived by [YPB17] compiled 404 stars with high-resolution spectra from the literature, and
performed their own observations of mid to late K-dwarfs, achieving a coverage of low mass
stars from 7000 K down to 3000 K. For these stars, the resulting catalog was accurate to
100 K in Tg, 15 % in R,, and 0.09 dex in [Fe/H]. We interpolated between stars from the
catalog to our derived T.¢, and propagated the resulting scatter to the uncertainty in R, if
Tee > 3500 K. For stars with T.g < 3500 K we used T.g — R, relations derived by [Man+15;
Man+16].

Stellar spectra and luminosities

We assigned spectra to our targets from the SpecMatchEmp® [YPB17] and the FlareSpecPhot®
libraries [BM06; Boc+07; Boc+10; Bur+04; Bur+07; Bur+08; Bur+10; Cru+03; Cru+04; Doi+10;
Fil+15; Kir+10; Man+15; RCV09; Sch+10; Sch+14a; Sch+15a; Sch14; Wes+11]. When a
spectrum was available for the derived spectral type in FlareSpecPhot, we preferred it
over SpecMatchEmp, which was the case for all stars cooler than M0, where we mapped
spectral type to effective temperature [PM13]. We then combined R., T.¢, and spectra to
projected bolometric luminosities Ly, +, and projected luminosities in the Kepler band Ly«
following [Shi+13b] and [Ili+19]. For Ly, ., we integrated the convolution of the template
spectrum with the blackbody spectral energy distribution at T over wavelength to derive
the flux per stellar surface area, and then integrated over the visible stellar hemisphere
with radius R.. To arrive at Lxp ., we included the Kepler response function [VC16] in the
convolution. Uncertainties on Ly« ranged from 9 % to 52 % with a median value of 17 %.
The full table of stellar properties is available in electronic form at CDS.

6.3 Methods

We developed the open source software AltaiPony’ [Ili21] as a toolbox for statistical flare
studies tailored but not limited to time series observations obtained by Kepler, K2, and TESS.
Its functionality includes light curve de-trending, flare finding and characterization, injection-
and recovery of synthetic flares, visualization commands, and methods for the statistical
analysis of flare samples. We used AltaiPony to detect flare candidates (Section 6.3.1),
and determine their equivalent durations (Section 6.3.2). We validated all events by eye,
and calculated their energies in the Kepler band (Section 6.3.3). The flare rates are believed
to follow a power law distribution that spans multiple orders of magnitude in energy.
We used AltaiPony’s FFD.fit_powerlaw() method to fit the power law parameters
simultaneously using the Markov Chain Monte Carlo (MCMC) method to sample from the
posterior distribution (Section 6.3.4).

5 https://specmatch-emp.readthedocs.io/en/latest/,accessedJune4,2022
6 https://github.com/sjschmidt/FlareSpecPhot, accessed June 4, 2022
7 altaipony.readthedocs.io, accessed June 4, 2022
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Methods

6.3.1 Flare finding

We used the open source software AltaiPony to automatically detect and characterize
flares in our sample that relied on K2SC® [APP16] to remove instrumental and astrophysical
variablity from K2 light curves. We did not use the de-trended light curves available in MAST”.
Instead, we used K2SC to de-trend light curves from the high quality, uniformly processed
and documented final K2 data release ourselves. We clipped outliers at 3¢ iteratively, as
compared to the original work, where outliers were clipped at 506 [APP16]. We also masked
y/n data points before and after the sequences of outliers with lengths n > 1 because these
regions often showed physically elevated flux levels below the 30 threshold.

After de-trending, the flare finder algorithm searched for continuous observing periods,

defined as time series that were longer than 10 data points at a minimum cadence of 2 h.

All further routines were run on these observing periods. We estimated the scatter in the
de-trended flux using a rolling standard deviation with a 7.5 h window excluding the outliers.
In the next step, the finder iteratively clipped excursions from the median value at 30. After
each iteration, outliers were replaced with the last median value. Either after convergence,
or 50 iterations, the resulting median value was adopted.

The previously masked outliers in the light curve were assigned the mean uncertainty from
the remainder of the light curve. Thus we used the non-flaring parts of the light curve to
define the scatter in the flaring parts. This procedure assumed that the scatter of the 80 day
light curve was stable throughout the observation. In K2, stability could not be guaranteed,
leading to false positive detections in regions of light curves where the uncertainty was
underestimated due to strong systematic effects that K2SC could not compensate. These
false positives were later removed manually.

Using the iteratively derived median as quiescent flux and the estimated scatter, we flagged
all outliers above 3¢ in the residual light curve. For flare candidates, we required at least
three consecutive data points to fulfill the 3o-criterion. We merged the candidates into
single candidate events if they were less than four data points apart.

With the automated procedure we detected 6916 flare candidates. However, the Kepler
flare sample has shown to be difficult to treat in a fully automated way. Without manual
vetting, the event samples remained significantly contaminated [YL19]. As K2 was subject

to severe technical difficulties, we expected that the contamination would be even higher.

Some light curves could not be de-trended using K2SC alone. Light curves with extreme
astrophysical signal, such as deep transits, rotational modulation on time scales of a few
hours or passages of bright solar system objects (SSOs) had to be masked or fit with an
additional sinusoidal component to the K2ScC-treated time series. Other SSOs mimicked
the fast rise and exponential decay shape of flares, and could only be identified using an

extension to the Virtual Observatory (VO) tool sky body tracker (SkyBoT, [Ber+06; Ber+16]).

We identified 144 SSOs using SkyBot and visual inspection with 1ightkurve [Lig+18], that
is 3.6 % of all confirmed flare candidates (see Appendix 6.7.3). A number of light curves
were excluded from the flare search because they saturated the detector (~ 0.2% of all light

8 github.com/OxES/k2sc, accessed June 4, 2022
9 archive.stsci.edu/prepds/k2sc/, accessed June 4, 2022
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curves), or because the target aperture overlapped with broken pixels (one case). Some
very faint targets and extreme variables could not be searched because the de-trending
procedure did not terminate successfully (~ 0.1% of all light curves). The online version
of the final flare sample (Table 6.2) includes explanatory flags, and notes on the excluded
targets. Eventually, we vetted all candidates manually and confirmed 3844 events.

6.3.2 Equivalent duration

For each candidate, flaring time, amplitude and equivalent duration (ED) were returned.
The equivalent duration is the area between the light curve and the quiescent flux, that is,
the integrated flare flux divided by the median quiescent flux F of the star, integrated over

the flare duration [Ger72]:
Fflare(t)
ED= [ dt ————. (6.1)
Fo

This is a quantity independent of stellar calibration and distance that is suited to compare
flaring activity on stars where these properties are uncertain. Equivalent duration describes
the time during which the non-flaring star releases as much energy as the flare itself. This
time can be shorter or longer than the actual flare duration. The uncertainty in ED depends
on the light curve noise properties, time sampling, spacecraft roll, and potentially other
systematic effects introduced by the de-trending procedure.

6.3.3 Kepler flare energy

Multiband time-resolved observations of active M dwarfs have shown that thermal con-
tinuum flux accounts for the majority of the energy radiated by flares at optical wave-
lengths [Kow+13]. The effective temperature of this blackbody varies: While solar flares
are relatively cool, with T.g ~ 5000 — 7 000 K [KF14; Kle+16; Mae+17; Wat+13], most stellar
events emit in the blue, and exhibit temperatures of about 9000 — 10 000 K [Dav+12; HF92;
Krel1; Shi+13b]. However, in ultraviolet time resolved spectral observations, one superflare
was reported at a blackbody temperature of 15500 K [Loy+18a], and another could even be
fit with a single 40 000 K spectral energy distribution [Fro+19]. A dependence of flare tem-
perature on stellar age, or mass, or both, would additionally bias our analysis. For example,
at about 6 200 K, the Kepler pass band captures the largest flux fraction, at 10 000 K 72 %, at
40 000 K only 4% of this value is transmitted. Given the uncertainties on stellar luminosity
in the Kepler band (see Section 6.2.3) and on equivalent duration, the flare energies

Exp = Lxp - ED (6.2)

will substantially deviate from the true released energy. If these uncertainties did not affect
all flares in a similar fashion, the present analysis will have suffered from nonuniform
biases that affected the FFDs on stars of different ages and temperatures, and skewed the
flare distributions within each subsample. However, the comparison to other studies (see
Section 6.5.1) suggested that our results were mostly consistent with studies based on similar
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data (see Fig. 6.11, and [Lin+19] therein for an example), albeit using different methods to
infer Eqgre.

6.3.4 Power law fits

Flare frequency distributions (FFDs) follow power law relations that cover several orders
of magnitude, from solar microflares to stellar superflares (see Fig. 9 in [Shi+13b]). In the
cumulative distribution the frequency f (> E) of flares above a certain energy E is defined as

ﬂ —a+1
>F)=——F , 6.3
6By = (63)
and, analogously, for ED [Ger72]. We used and compared two approaches to fitting o and
B to the data. The first was a modified maximum likelihood estimator (MMLE) for power
law distributions [MK09]. The second approach was more specifically tailored to flaring
activity. Following [Whe04], we used the MCMC method to sample from the predictive

distribution of flares from a prototype flare source. This source has two characteristics.

Firstly, it produces flare events as a homogeneous Poisson process in time. Secondly, the flare
energies are power law distributed. While the MMLE was computationally efficient, and
useful to obtain first results (see Appendix 6.7.4), only the predictive distribution allowed us
to fit for @ and f simultaneously, and determine their uncertainties, so we adopted the latter.
The posterior distribution in [Whe04] captured both the Poissonian distribution of flare
events in time, and their power law distribution in energy, simultaneously. The authors
derived this model to be able to predict the flaring rate above a given energy for any
active region on the Sun including changes in flaring activity rates as the active region
evolves, and also characteristics of the active region itself, such as sunspot classifiers. In our
simplification of the model, we assumed that the flare generating process did not change

within the observation time span in any star in our sample (M = M’ in Eq. 24 in [Whe04)).

Another assumption was that this process was the same for all stars in the sample (Ay;c =1
in aforementioned Eq. 24). Under these assumptions, the samples of flares found in the
light curves of different stars and light curves obtained during different campaigns could
be stacked together. With these simplifications to Eq. 24, we defined the joint posterior
distribution for the probability € that a flare with ED or Ex, above some value S; would
occur within a time period AT:

plea) = C- (-In(1-¢))
M (S2/S)"*1 1"
(a=-D7 F(“)[T]
(1 — €)T/AT) - (S2/S0)* =1, (6.4)

C was the normalization constant, M was the number of events, T the total observation
time. I" contained the prior distribution for «, and S; denoted the detection threshold above

Section
6.3

45



Chapter 6

46

Flares in Open Clusters with K2. II. Pleiades, Hyades, Praesepe, Ruprecht
147, and M67

which all flares were detected. & encapsulated the flare energies as

M
= 1_[ i (6.5)

i=1 1

95}

where {sy, sp, ...s;,} were the flare energies Ex,, or ED. We chose AT to be equal to the total
observation time of the FFD, and S, was set to be ten times the maximum observed energy
in that FFD.

From the posterior distribution of € we derived 8 by combining Poisson statistics

e=1-e /4D (6.6)
and the cumulative power law function in Eq. 6.3:

In(1-¢)-(a—1)
- AT

p= -5y (6.7)
With a uniform prior for a the results from the MMLE and MCMC sampling from the
posterior distribution were consistent within uncertainties (see Appendix 6.7.4). However,
the MCMC method allowed us to fit for both € and « simultaneously, and to use more
informative priors.

The power law exponent determined for FFDs has consistently been found to be independent
of age [Dav+19], and spectral type for solar-type and low mass dwarfs (e.g., [CBH15; How+19;
Lin+19]; see Fig. 6.13 for an overview). We chose our prior to reflect this result: Starting
from a uniform prior for @ and €, we found a Gaussian distribution to be an excellent fit to
the posterior distribution for « for the full sample of flares in Ex, and ED space. We then
used this Gaussian distribution as a prior for the FFDs in individual age and T.¢ bins.

6.3.5 Injection and recovery of synthetic flares

Energies of flares found in Kepler 30 minute cadence light curves are underestimated by
about 25 % compared to 1 minute cadence [Yan+18]. Moreover, the low energy end of
FFDs is incomplete because not all small flares of a given energy are recovered [Dav16]. In
[1li+19] we injected and recovered synthetic flare signal based on the empirical flare template
from [Dav+14] to determine the energy bias, and the recovery probability as a function of
energy. We injected flares into the K2 light curves after de-trending them with K2ScC to test
the performance of the flare finding and characterization algorithms. Here, we performed this
procedure on a random selection of light curves from our sample before applying K2Sc. The
injected flare candidates thus had to survive the K2SC de-trending in addition to flare search
prescription. As this procedure was computationally very expensive, we did not repeat the
process for all light curves in our sample. We noted that both energy bias and recovery
probability were better described as a function of amplitude and duration than of energy
alone, and that they varied strongly from light curve to light curve. Therefore, energy bias
and recovery probability should be quantified light curve by light curve. While this was not
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possible here, we recommend using the FlareLightCurve.sample_flare_recovery()
method and associated visualization functions in AltaiPony with light curves from the
original Kepler mission, and TESS, to assess the effects of light curve quality, and de-trending
and flare search methods on the detected ensembles of flares'’. We mitigated the lack of
such an assessment by cutting our FFDs at the incomplete low energy tail, but we have to
acknowledge that the reported energies remain underestimated [Yan+18]. [Asc15] suggested
that the observed incompleteness may be partly canceled by background contamination
from, for instance, cosmic rays, or SSOs. While the effect of cosmic rays is currently not
well constrained [Ili+19], we could quantify the contamination by cataloged SSOs to 3.6 %
(see Section 6.3.1).

6.4 Results

The core objective of this work was to quantify how the previously noted decline in flaring
activity with age would unfold for different spectral types. To this end, we searched the long
cadence light curves of stars across a broad range of spectral types in five different open
clusters for flares, and measured their energies and occurrence rates. We found 3844 flares
on 2111 stars in five open clusters for T.g between 2500 K and 6000 K. The flares’ amplitudes
a, start and end cadence numbers ¢y and c;, ED, energies Exp, along with the stars’ EPIC ID,
T.t, and projected bolometric and Kepler band luminosities L)« and Lp, « are listed in Table
6.2. We fit power law relations to the FFDs of stars binned by age, and T¢ (Section 6.4.1, Figs.
6.4, 6.5 and Table 6.3). We found that flaring activity decreased with increasing age from
ZAMS to 3.6 Gyr, and from mid-M to G dwarfs (Sections 6.4.2 and 6.4.3, Figs. 6.6 and 6.7).
Except for the stars in the coolest temperature bin (M5.5-M8, 2 500-3 000 K), stellar flaring
activity at a given age was higher for cooler stars. The stars in our sample indicated a
mass- and rotation-dependent threshold age above which they were no longer found on
the saturated activity branch which was characterized by fast rotating and actively flaring
stars. Stars above this threshold showed much lower flaring rates (Sections 6.4.4 and 6.4.5,
Fig. 6.9). In the old clusters Ruprecht 147 and M67 we found very few flares, and suggest
that a significant fraction of those found on higher mass stars may stem from unresovled
low mass companions (Section 6.4.6).

6.4.1 Flare frequency distributions

The aim of this work was to investigate the effects of age on the flaring activity for low mass
stars. We therefore split up the full sample into T.g bins and constructed the FFDs cluster by
cluster (Figs. 6.4 and 6.5). We used a broad Gaussian prior for @ with mean 1.9 and standard
deviation .4 that covered the range of a values obtained in past studies (see Fig. 6.13 in
the discussion). The power law fit parameters to these FFDs, broken down by cluster and
Tesr, are summarized in Table 6.3. In the table, @ and f are the power law parameters from
Eq. 6.3. The number of flares n;y in the distribution is higher than the number ng; of flares

10 Examples of usage can be found in the software documentation.
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Table 6.2: Confirmed flare candidates detected in open cluster stars observed by K2, sorted by amplitude a.

EPIC C  cluster o 1 a Te [K] ED [s] Lyol« [erg/s] Lyp [erg/s]
211079830 4  Pleiades 105984 105993 15.330194  3097(87)  63340(63) 8.29(3.34)10%°  3.32(1.34)10%
210720772 4  Pleiades 107181 107184  9.674757  3104(86)  19901(7)  8.66(3.45)10%  3.48(1.38)10%
247523445 13  Hyades 143106 143109  8.260956  2964(49)  16615(11)  4.33(1.09)10%  1.69(0.43)10%
212021131 5 Praesepe 108974 108980  7.421916  3215(68) 19828(175) 2.01(0.65)10%°  8.22(2.65)10%
210978953 4  Pleiades 106762 106770  6.769888  3050(95)  39467(125) 6.20(2.63)10%  2.46(1.04)10%
211913613 16 Praesepe 156845 156849  6.690356  3218(66)  21632(147) 2.05(0.65)10%°  8.37(2.63)10%
211127297 4  Pleiades 106754 106759  6.449569  3147(86)  20830(5)  1.13(0.45)10%°  4.59(1.81)10%
211681193 5 Praesepe 108116 108120  5.570804  3182(76)  11198(95) 1.64(0.58)10%°  6.68(2.37)10%
211024798 4  Pleiades 104822 104826 5394897  3290(62)  12524(63)  2.58(0.75)10%°  1.06(0.31)10%°
211134185 4  Pleiades 103891 103896  4.951629  3127(96)  17459(33)  9.99(4.33)10%  4.03(1.75)10%
211095280 4  Pleiades 106283 106287  4.796979  3138(93)  12186(10)  1.06(0.45)10%°  4.32(1.82)10%
211022535 4  Pleiades 104262 104267  3.994973  2953(76¢)  15164(57) 3.50(1.10)10%  1.37(0.43)10%
211010517 4  Pleiades 106680 106685  3.968907  3252(70)  16241(171) 2.09(0.68)10%°  8.59(2.77)10%
210846442 4  Pleiades 104410 104415 3.959977  3311(79)  13515(10) 2.88(0.96)10%°  1.18(0.40)10%°
212017838 5 Praesepe 111183 111192  3.671037  3307(89)  10274(10)  3.35(1.22)10%°  1.38(0.50)10%°
211984058 5 Praesepe 109952 109965  3.320636  3124(97) 16063(149) 1.17(0.51)10%°  4.73(2.06)10%
211912899 5  Praesepe 110700 110706  3.257997  3133(81)  7967(16)  1.24(0.47)10*°  5.01(1.89)10%
211151674 4  Pleiades 106457 106467  3.166323  3072(93)  17843(106) 7.10(2.99)10%  2.84(1.19)10%
211822895 5 Praesepe 107809 107812  3.164494  3005(177)  6883(31)  5.68(3.98)10%  2.25(1.57)10%
211760567 5 Praesepe 109962 109965  3.061417  3245(58) 7838(9)  2.39(0.69)10%°  9.84(2.83)10%
211939350 16 Praesepe 155018 155022  2.892939  3149(150)  9542(68)  1.36(0.86)10%°  5.52(3.49)10%
211137806 4  Hyades 106768 106775  2.482828  3127(58) 9208(8)  1.16(0.35)10%°  4.69(1.40)10%
210674207 13  Hyades 141708 141711  2.419586  3210(74) 5343(3)  1.90(0.65)10%°  7.78(2.66)10%
211994910 5 Praesepe 109858 109864  2.401426  3325(95)  7807(14)  3.71(1.40)10%  1.53(0.58)10%
211010517 4  Pleiades 106561 106564  2.341076  3252(70)  4838(36)  2.09(0.68)10%°  8.59(2.77)10%
211984058 5 Praesepe 108584 108587  2.155468  3124(97)  4817(13)  1.17(0.51)10%°  4.73(2.06)10%
211983544 18 Praesepe 162792 162798  2.096077  3159(98)  6924(55)  1.44(0.63)10%° 5.88(2.55)10%
210988354 4  Pleiades 106012 106017  2.057812  3661(144)  5725(1)  1.40(0.31)10%'  6.06(1.32)10%
210886447 4  Pleiades 103871 103877  2.057490  3048(105)  8710(49)  6.13(2.83)10%°  2.43(1.12)10%
211098921 4  Pleiades 105254 105262  2.041041  3300(101)  7499(5)  2.72(1.10)10%°  1.12(0.45)10%°

The full table is available in electronic form at CDS. EPIC and C denote the K2 ID and observing campaign. a — relative flare amplitude, ¢y and c¢; — flare start
and end cadence numbers, Tog — stellar effective temperature, ED — equivalent duration, Ly, .

stellar luminosity in the Kepler band. Uncertainties are given in parentheses.

— projected stellar bolometric luminosity, Lk, - projected
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used to fit the power law because we omitted the low energy tail of the distribution where
the detection probability decreased. Our approximation to the detection threshold was the
highest minimum detected energy from all FFDs of individual stars in a given bin. This was
equivalent to using only the part of the FFD that was above the detection threshold for all
stars in that bin. The indices s and erg to « and f indicate the fits to the FFDs in ED (Fig. 6.4)
and Ex, (Fig. 6.5), respectively. For the single flare detection in M67 we give the power
law parameters obtained directly from Eq. 6.3 using the prior value and uncertainty for .
We provide Table 6.3 to enable future science to build a comprehensive flare rate evolution
model.

6.4.2 Flaring activity measure B1¢s

Relative flaring activity levels are best described by f, that is, the power law fit intercept
B (see Eq. 6.3) for the FFDs in ED space (equivalent to Rys in [Dav+19]). Because of the
definition of ED as relative to the quiescent flux of the star (Eq. 6.1), f; is a measure of
flaring activity in which the different energy budgets of stars are controlled for, in contrast
to ferg, which uses the absolute flare energies. However f; is defined as the flaring rate at
ED > 1s which is below the detection threshold for most T.g-age bins. To reduce errors
arising from extrapolation we chose f199s (analogous to Rjgs), that is, Eq. 6.3 evaluated at
ED = 100 s where most FFDs overlap to compare across both T.¢ and age at the same time.
Fig. 6.6 can be interpreted as a synthesis of the FFDs presented in Fig. 6.4. Overall, B;¢s
tended to be lower for hotter stars at a given age. This general trend is consistent with the
flaring rates found in nearby young moving groups, open clusters, OB associations, and star
forming regions with ages between 1 and 800 Myr in TESS [Fei+20]. B100s declined with age
in all investigated T.¢ bins, and it declined stronger in the hotter stars, a trend also observed
in the transition from 125-300 Myr to 300-800 Myr in the TESS study. An exception to this
rule is the 2500 — 3000 K bin, where f99s marginally increased from ZAMS to Hyades age.
A slight increase in activity is also seen for stars < 4000K at ages between 1-20 Myr and
30-45 Myr in [Fei+20]. This uptick in activity was also present in comparing fast and slow
rotators in a K2 short cadence K7-M6 dwarf flaring study [Rae+20]. In the lowest mass bin
(M5-M6) the authors measured higher flaring activity for relatively slow rotators (Pt > 2d)
than for their fast counterparts (Pt < 2 d).

[Mon+19] found evidence of increased flaring activity at intermediate rotation rates between
fast and slow sequence [Bar03]. This finding could not be reproduced in the data obtained
from the all-sky EvryFlare survey [How+20]. We found fi¢s to decrease with age from
ZAMS to 700 Myr for all stars except those with spectral types later than M5 (Fig. 6.6 a.). But
this does not exclude that f;90s in fact increased between these two ages before decreasing
relatively rapidly within a short period of time.
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Figure 6.4: Cumulative FFDs (scatter) in ED, and respective power law fits to the portion of the
FFDs where we considered our sample not be affected by reduced detection efficiency of low energy
flares (black lines), in log-log representation. In each of the panels a.-g. the distributions of flares are
shown for different open clusters for samples of stars in the T bin that is given in the panel title.
The different clusters are the Pleiades (maroon crosses), the Hyades (orange stars), Praesepe (yellow
diamonds), Ruprecht 147 (green "m"s), and M67 (blue triangles). The extension of the black lines in
ED indicates the low energy threshold adopted for every fit. When no distribution is shown, either
no flares were found in the subsample, or no stars in that T.g bin were observed by K2. The overview
of all power law fit parameters including uncertainties is given in Table 6.3.
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Figure 6.5: Same as in Fig. 6.4 but for Exj, instead of ED. Additionally, predictions from the [Dav+19]
gyrochronology-calibrated FFD parametrization with stellar age and mass were added in the colors
that denote the different open clusters (see discussion in Section 6.5.2). To calculate the predictions,
we used the mean of each T.¢ bin to determine the mass [PM13], and open cluster ages from the
literature.
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Figure 6.6: Flaring activity measure f1ogs for the FFDs in Fig. 6.4 as a function of age. The values
are grouped by T.¢ (different colors and symbols in the legend), and presented on a log-log scale.
B1oos indicates the occurrence rate of flares with ED > 100 s (see Eq. 6.3). It is controlled for stellar
luminosity, so that we can compare flaring activity across both age, and T4, at the same time. The
age labels correspond to the open cluster ages in Table 6.1.

6.4.3 Flaring luminosity FA

We can relate the luminosity in flares in the Kepler band to the quiescent bolometric lumi-
nosity of the star, and by this define the fractional flare luminosity FA (similar to [Ili+19]):

Exp 1
FA = Kp.flare,tot, (6.8)
t - Lpolx,

Exp flare,tot, 1S the total energy released in flares, and ¢ is the total observing time of the star.
We determined Ly, . from R, and T.¢, as described in Section 6.2.3. The energy released
in flares was inferred using our derived stellar luminosities. By definition, FA is a useful
measure of relative stellar activity as long as the flux portion of the quiescent star in the
Kepler band is roughly constant. One can compare FA across age, but comparisons across Teg
bins should be interpreted with caution. FA declines with age for every T.g bin considered
for both the total luminosity and relative to the quiescent flux (Fig. 6.7). However, we found
that FA remained high (> 107°) in early to mid M dwarfs for several hundred Myr after
Pleiades age.

[Lur+15] analyzed the flares on GJ 1245 A and B, two M5 dwarfs in a triple system with
another M8 dwarf, that were observed in 1 minute cadence during the original Kepler
mission. GJ 1245 A and B both fall roughly into the 3000 — 3250 K bin, and rotate at periode
< 1d. The authors calculated FA ~ 10~ for both components, consistent with the FA value

Section
6.4

53



Chapter 6

54

Flares in Open Clusters with K2. II. Pleiades, Hyades, Praesepe, Ruprecht
147, and M67

10744

3
»—;—c
—%—
—a

1075 4

e

’
b

1076 4

12500-3000 K
3000-3250 K
3250-3500 K

1077y % 3500-3750 K

3750-4000 K

4000-5000 K

5000-6000 K

vy

| __
l—o—-?—«)(—<

ox

3639 —@

n
mMm o
—

2650

age [Myr]

Figure 6.7: Median fraction of stellar luminosity emitted in flares (FA), and standard deviation
plotted against age. The values are grouped by T., and presented on a log-log scale. The colors and
shapes are the same as in Fig. 6.6. We calculated the shared energy detection threshold 3.31 - 10%2
erg using the method described in Section 6.4.1 to derive FA with Eq. 6.8. FA is a useful measure of
relative stellar activity as long as the flux portion of the quiescent star in the Kepler band is roughly
constant. It is therefore more meaningful to compare FA across age than across Teg.
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in the 135 Myr old Pleiades in this T.¢. But as the activity remains high at least up to the
ages of Hyades and Praesepe, GJ 1245 could also be older.

6.4.4 Hyades and Praesepe: Rotating differently

We expected the flaring activity in the Hyades and Praesepe to be very similar because
they are nearly coeval clusters with ages around 700 Myr, and comparable metallicities
([Fe/H](Praesepe) = 0.16, [Fe/H](Hyades) = 0.13, [Net+16]). We found this reflected in all
our FFDs, except for the 3500 — 3750 K temperature bin, where the Hyades appeared almost
as active as the Pleiades (135 Myr), while Praesepe showed flare frequencies about ten times
lower than the Pleiades. This effect is not captured by the [Dav+19] model that predicts
consistent flaring rates in all mass bins for Hyades and Praesepe (Fig. 6.5). This discrepancy
could be explained by the rotation period distribution in that bin.

In Fig. 6.8 we show rotation periods derived from K2 light curves for the Pleiades [Reb+16],
the Hyades and Praesepe [Dou+19], to illustrate the Py distributions that correspond to our
Tegr bins. In all but the 3500 — 3750 K temperature bin the rotation period distributions of the

Hyades and Praesepe were similar, while the Pleiades showed shorter periods on average.

Only in this bin the rotation periods found in the Hyades and the Pleiades were more alike
than in the Hyades and Praesepe. In this temperature regime, the majority of Praesepe stars
had rotation periods > 10 d, while in the Hyades and the Pleiades rotation periods were
more evenly distibuted in the 0.3 — 30 d range. A distinct transition in stellar activity was
previously detected in various observables, including flaring luminosities and amplitudes, at
the Pyt = 10d boundary [Lu+19; Ste+16]. Assuming that Praesepe is truly older than the
Hyades (see [Dou+19] for an indication of the opposite), the rotation period distribution
appears to have made a jump between the ages of Hyades and Praesepe, and the flaring
rates echoed this decrease. Considering the small sample size for the Hyades in this Tog
bin, a large spread in flaring activity levels is a second conceivable interpretation. In both
cases, the results suggest a transition that occurred at the 10 d boundary in the 3500 — 3750 K
regime around the ages of the two clusters. A similar transition would then have already
passed for hotter stars (Fig. 6.5 f.), and has yet to happen in lower mass stars (Fig. 6.5 b. and

c.).

6.4.5 A mass- and rotation-dependent flaring activity transition:
Leaving the saturated regime

To further explore the dependence of the flaring-age-mass relation on stellar rotation, we
compared the distributions of rotation periods to S5 in different age and T.g bins (Fig. 6.9).
Up to Praesepe age, all stars below 3500 K showed a gradual decline in rotation speed
with increasing T.g while the flaring activity declined only marginally. These stars can
be interpreted as residing in the saturated activity regime that is populated by young and
rapidly rotating stars. This is consistent with age-rotation studies of surface magnetic
field strengths [Vid+14], and a number of activity indicators, including coronal X-ray
emission [Piz+03; Wri+11], and chromospheric Ha and Ca Il H and K lines [MH08; New+17;
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Figure 6.8: Rotation histograms for the cluster members that were searched for flares and had

measured rotation periods P,.. Rotation periods were taken from [Dou+19] for the Hyades (orange
solid) and Praesepe (yellow dashed), and from [Reb+16] for the Pleiades (maroon dotted). The numbers
and percentages in the legends in each panel denote the number of stars for which periods were
given, and what fraction of the full sample that represented, respectively. The period distributions
of Praesepe and the Hyades are consistent in all Tog¢ bins but the 3500 — 3750 K bin, where the
distribution of the Hyades appears more similar to the younger Pleiades than the same-age Praesepe.
However, the sample size for the Hyades in that bin is small (11 stars).
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Figure 6.9: Flaring activity measure f319os as a function of stellar rotation period P, (median value,
and 5th to 95th percentiles of the distributions in Fig. 6.8). The saturated branch at high rotation
rates and fio0s X 5 yr !, and the drop in activity around the 10 d boundary resemble analogous
distributions for X-ray, He, and surface magnetic field strength. The additional dimensions are
age (different symbols representing three open clusters), and T.g (colors). At the ages of Hyades
and Praesepe, the T.g ~ 3500 — 3750 K stars are appear to be in the process of leaving the saturated
branch, while the Teg ~ 3750 — 5000 K stars already showed low activity levels. See Section 6.4.5 for
a detailed discussion.

Wes+15]. In the 3500 — 3750 K temperature bin (see previous section), the median rotation
rates changed as moderately as in the cooler bins. The Pleiades continued to spin down
and gradually decreased in flaring activity. However, despite their similar ages, the stars in
the Praesepe sample spun down more than those in the Hyades, and were lower in 1095 by
almost an order of magnitude. At higher temperatures up to 5000 K, the Pleiades remained
on the saturated activity branch declining only gradually, while both Hyades and Praesepe
reappeared at much lower activity levels, indicating a mass-dependent activity transition
that had occurred in the meantime.

In the highest mass bin (5000 — 6000 K) the stars in Praesepe remained at similar rotation
rates and activity levels as the 4000 — 5000 K stars. The highest mass Pleiades appeared to be
an outlier with intermediate flaring rates at relatively short rotation periods. Solar-type stars
at ZAMS are expected to show a wide spread in activity. In the simulations by [JBG21], the
slow and medium solar-type ZAMS rotators have left the saturated branch at 135 Myr, while
the fast rotators remain highly active. As in the 3500 — 3750 K case, f10s does not capture

this intrinsic spread, but assumes similar activity levels for all stars in a given T.g-age bin.

As a consequence, we measured intermediate flaring rates instead of spanning the range
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Table 6.4: Possible binary configurations for flaring old stars.

cluster EPIC median SpT binary
Me67 211434440 K1 K2 + M5.5
Ruprecht 147 219601739 G8 K1 + M6
Ruprecht 147 219610232 Ko0.5 K2 + M5.5
Ruprecht 147 219591752 M3 M3.5 + M3.5

from high to low activities. We expect that this limitation applies to a much lesser degree to
the other T.g and ages, because of the general agreement between the nearly coeval Hyades
and Praesepe, and because the stars in each of these bins are predicted to be found either
completely on the saturated branch, or to have left it without exceptions [JBG21].

6.4.6 M67 and Ruprecht 147: Possibly binaries
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Figure 6.10: Single confirmed flare candidate in M67 on the K1 dwarf EPIC 211434440 (red line).
Blue: Pre-search Data Conditioning (PDCSAP) flux, that is, the light curve before K2SC de-trending.
Black: De-trended light curve that was searched for flares with AltaiPony. The amplitude of the
flare is 2%, and the energy emitted in the Kepler band is Ex, = 6.25 - 10°® erg. The flare is small
enough to be barely detectable, so its energy is uncertain, and most likely underestimated due to the
low time sampling of the light curve.

We found eight and four flaring members in M67 and Ruprecht 147, respectively. Upon
close inspection the majority were false positives, or occurred on multiple systems or evolved
stars that were not properly filtered out. Most flares in these old clusters were detected on RS
CVn binaries, cataclysmic binaries, spectroscopic binaries, and red giant stars. Excluding all
these, we were left with one flare in M67 on an early K dwarf (Fig. 6.10). In Ruprecht 147, we
excluded EPIC 219426848, a double-lined spectroscopic binary [Cur+13], and so narrowed
down the list to a flare on a G8 star in Ruprecht 147, and four flares each on a K0.5 and an
M3 star. For these stars, the multiplicity status was unknown. The uncertainty about the
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stellar properties suggests a range of possible masses of the system. The mass budget could
be calculated from the uncertainties on their radii R, using the relations from [Eke+18]. In
all cases, it was large enough that the stars in question could in principle be binary stars
with mid-M dwarf companions that were too faint to be detected. We calculated hypothetic
binary pairs for the cases where the primary mass was the smallest possible within 10 on R..
We give the median spectral type (SpT) of the target if it was a single star, and the spectral
types of the possible binaries in Table 6.4.

After the manual inspection of the younger clusters we concluded that, while binaries and
false positives were present in these clusters also, they were not the dominating source
of flares. As multiplicity rates for low mass stars decrease from about 50% for F type
stars [Rag+10] to 22% for L and T dwarfs [DK13], with M dwarfs showing somewhat higher
multiplicity rates at about 27% [Win+19], we expect that the error introduced by unresolved
binaries on our results was smaller for the cooler T g bins.

6.5 Discussion

The launch of the Kepler satellite in 2009 caused a surge in statistical flare studies, a trend
that TESS will continue and expand. Comparing our results with these works [Lin+19;
Lur+15; Rae+20; Shi+13b] and recent ground based surveys [CBH15; How+19] we found
encouraging consistency but also some noteworthy discrepancies that we could not always
trace back to their causes (Section 6.5.1). We discuss the disagreement between our FFDs
and a gyrochronological model recently proposed for its parametrization as a function of
mass and age (Section 6.5.2, [Dav+19]). We conclude the discussion with a reflection on
the observational limitations of the representation of FFDs by power law distributions (Sec-
tion 6.5.3), and the possibility of observing the maximum possible flare energy in our
FFDs (Section 6.5.4).

6.5.1 Consistency with statistical flares studies

We found our results to be broadly consistent with previous work both on Kepler/K2 data,
and ground based surveys in the optical regime, with some noteable exceptions. Fig. 6.11
presents the FFDs of the studies that we discuss in this context. Overall, we believe that
the differences between individual results were rooted in a combination of astrophysical
properties like age, mass, rotation speed, and the influence of selection criteria on the
respective samples.

The FFDs of two fast rotating (0.26 and 0.71 days) M5 flare stars in an M5-M5-MS8 triple
system [Lur+15] were consistent with the FFDs of flares in the Pleiades, Praesepe, and
Hyades in the 3000 — 3250 K bin. We also found that the FFDs of nearby K and M dwarfs,
observed by Kepler/K2 within 200pc and 100pc, respectively, fell in the range between the
Pleiades and Hyades/Praesepe FFDs in our sample [Lin+19].

The frequency of superflares at 1034 erg in the most active G-dwarfs and Sun-like stars in
Kepler was once in 10-100 days, and every 440 years on average solar-type stars [Shi+13b].
Benchmarking on the flare detected on a K1 dwarf in M67 in the G to early K bin (5000-6000
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Figure 6.11: Comparison of FFDs found in different flare studies. Gray lines: FFDs from this work.
The one-flare sample for 5000-6000 K in M67 is indicated as the shortest visible gray line. Red solid
lines, and red and orange dashes: K2 long cadence light curves study of the Pleiades and Praesepe
in four T bins from 3000 to 4000 K each [Ili+19]. Magenta line and dots: Superflares on all G
dwarfs in Kepler, and its most active subsample [Shi+13b]. Black line and dashes: Two M5 stars
in an M5-M5-M8 triple system observed by Kepler [Lur+15]. Black dots: Flare study based on an
MMT survey of the ~ 550 Myr old open cluster M37 [CBH15]. Dots in green and blue: Evryscope
all-sky flare search on late K to mid M dwarfs [How+19]. Black and brown dash-dotted lines: K2
long-cadence study of K and M dwarfs within 200pc and 100pc [Lin+19]. Dark blue line and dashes:
K2 short cadence light curves of M3.5-M4 dwarfs with known rotation periods below 2 d and between
2 and 10 d, respectively [Rae+20]. Green dash-dotted line: The 30 — 50 Myr old M4 flare star GJ 1243
exhibited a constant flaring activity for over a decade of intermittent space based observations with
Kepler and TESS [DMH20]. In the studies that are based on Kepler or K2 observations, "SC" and "LC"
denote the use of 1 minute and 30 minute cadence time series, respectively.

K), and accounting for the fraction of the total flare energy that the Kepler passband covers
at a flare temperature of 10 000 K, we found the flaring rate at this energy to amount to
about once every 100 years. Doing the same for the Pleiades stars yielded that ZAMS G to K
dwarfs flare once per year at 10> erg. Our young G-K stars therefore were less active than
the active G dwarfs in [Shi+13b], while our solar-age G-K dwarfs appeared more active than
in their results.

[How+19] monitored superflares on cool stars with bolometric energies above 10°* erg and
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Figure 6.12: FFDs in ED for EPIC 211970427, an M3 dwarf in Praesepe that was observed in both

short 1 minute cadence (campaigns 5, 18) and long 30 minute cadence (campaigns 5, 16, and 18).

We detrended, and searched both light curve types for flares using the method described in Section
6.3.1. Red diamonds indicate flares found in the long cadence light curves, black stars are flares from
the short cadence light curves. The red and black lines were randomly sampled from the posterior
distributions of the power law fits to the long and short candence FFDs, respectively (see methods in
Section 6.3.4).

up to 103°

However, [How+19] only included stars that exhibited flares (active stars) into their FFDs,
whereas we also accounted for the observing time of stars where no flares had been detected.
Photometric flares observed by the MMT 6.5 telescope [Har+08] in the ~ 550 Myr old open
cluster M37 [CBH15] appeared on average more active than the Pleiades in our study for
spectral types M0-M6. This could imply that flaring activity in these low mass stars peaked
not at Pleiades age but at a later evolutionary stage.

Similarly, [Rae+20] pointed out that their fast rotating M1.5-M4.5 dwarfs appeared more
active than the results for the Pleiades in [Ili+19] in the 3250 — 3750 K range. Our revised
results remained consistent with [Ili+19] (Fig. 6.11). Both samples were comprised of flares
with periods below 10 d. Rotation periods P, were given for 100% of the sample in [Rae+20],
and for > 68% in our Pleiades subsample (Fig. 6.8).

We consider three plausible reasons for the discrepancy here. First, the M1.5-M4.5 dwarfs
in [Rae+20] could be at an age at which stars show higher flaring activity than stars with
the same rotation periods in the Pleiades. Second, there may be selection effects in the
short cadence sample in [Rae+20] as compared to our sample. Targets for short cadence
observations in K2 were not selected randomly from the underlying stellar population, but
were filtered for a variety of properties that biased the final selection toward more active

erg. They found power law exponents ~ 2 in FFDs resolved by spectral type.
The activity levels for spectral types K5 to M4 were on average higher than in our sample.
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stars. Third, our 3250 — 3750 K bin corresponds to spectral types M1-M3.5 rather than to
M1.5-M4.5 [PM13]. So the T.g bins chosen in [Rae+20] encompassed later, and therefore
more active, spectral types. A resolution of this discrepancy must also take into account
that the results for our Praesepe sample in the 3250 — 3750 K range were consistent with the
slow rotators (Pyot ~ 32 d) in [Rae+20].

Finally, we note that the difference in time sampling between our study (30 minute candence),
and 1 minute cadence in [Rae+20] can most likely be ruled out as an explanation for the
discrepancy. In Fig. 6.12, we show an example that illustrates that short cadence light
curves used in [Rae+20], and long cadence light curves studied here yielded FFDs that
were consistent withing uncertainties. There were no exactly matching events in the FFDs
although a subset of the short cadence flares was detected in long cadence also for two main
reasons. First, in long cadence, flare energy was typically underestimated [Yan+18]. Second,
smaller flares were merged together if they occurred within a sufficently short time period.
What looked like one flare in long cadence was sometimes resolved into two or more flares
in short cadence.

6.5.2 Gyrochronological parametrization of flare frequency
distributions

[Dav+19] derived a parametrization of the FFD arguments « and f as a function of mass
and age using the Kepler flare catalog [Dav16], rotation periods from [MMA14], and the
[MHO08] gyrochrone model. We show the model power laws in Fig. 6.5 alongside our results.
While the power law exponents appeared consistent with our estimates, the activity level
in our sample was much lower than predicted by the model. A deviation was expected as
the model was not designed to predict absolute ages. [Dav+19] noted a sample bias in their
study toward more active stars. As discussed by the authors, their model overpredicted the
superflaring rate of the average Sun-like sample from [Shi+13b] and more resembled the
rate for their most active subsample. Moreover, the model was not designed to be applicable
to flaring activity in the saturated regime of fast young rotators [Jac+20]. With our data
we quantify the overestimation of flaring rates to be one to two orders of magnitude. Our
results also suggest that the model overpredicts the activity level for old stars more than for
younger stars (Fig. 6.5). We propose that future models include the mass-dependent drop
in activity at Pyot & 10d (see Section 6.4.5), for instance, using a piecewise definition of the
setup in [Dav+19] for stars with rotation rates above and below the 10 d threshold.

6.5.3 Universality of the power law exponent

We found values for a to range from 1.84 to 2.39 (Table 6.3), with smaller numbers of flares in
a FFD usually leading to values closer to the margins of this range, and FFDs that consisted
of more than 50 flares being better constrained with o ~ 1.89 — 2.11. Taking into account
uncertainties and systematic errors resulting from the use of different power law fitting
methods [MK09], the power law exponent « ~ 2 appears to be similar for the majority of
studies on flare statistics in the literature so far, irrespective of spectral type or age. To
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Figure 6.13: Literature overview over power law fits to FFDs. Red rectangles indicate the energy
range in which flares were detected (height), and the range of values determined for the power
law exponent « (width) including quoted uncertainties and superimposing the ranges for a from
multiple FFDs if any. The references are anchored to the upper or lower left corner of the respective
rectangle. The gray rectangle refers to this study. The gray line depicts the superposition of these
results, representing each by a Gaussian fit with the range used as standard deviation, and weighted
by the square root of the number of flares found in each study. [Ili+19] is shown with a dark outline.
See Section 6.5.3 for details on the quoted works.

illustrate this, we searched the literature for studies where power laws were fit to FFDs of
flares in the optical regime using different methods (Fig. 6.13).

[LME76] pioneered in statistical flare studies using observations of eight UV Ceti stars.
[Sha89] analyzed monitoring data from several dozen active early K to late M dwarfs in
the solar vicinity, the Orion, the Pleiades, the Hyades, and the Praesepe cluster. A number
of studies focused on solar-type and G dwarfs stars in Kepler [Shi+13b; WIH15]. [Hil11]
derived a from ground-based observations of M dwarfs. [Lur+15] determined & from Kepler
short cadence light curves of two active M5 dwarfs in Kepler. [Yan+17] followed up on
[Dav16] in searching the entire Kepler catalog for flares. [Lin+19] (M) and (K) were based on
nearby M and K dwarf flares in K2 long cadence light curves. [Rae+20] studied short cadence
M dwarfs with rotation periods in K2. [Giz+17] constructed an FFD for 22 flares on an M7
dwarf. [Pau+18] studied M6-L0 dwarfs in K2 short cadence data. [How+19] found over 500
superflares on 284 stars in the framework of the Evryscope all-sky survey. Photometric
flares were observed by the MMT 6.5 telescope [Har+08] in the ~ 550 Myr old M37 open
cluster [CBH15]. [Giin+20] took a first look to « as derived from stars observed during TESS
Cycle 1. From their work we only use « derived from stars with 20 or more flare detections
in Fig. 6.13. Finally, [Fei+20] used a convolutional neural network setup to detect flares in
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nearby young moving groups, open clusters, OB associations, and star forming regions with
ages between 1 and 800 Myr in TESS, finding relatively flat FFDs compared to [Giin+20].
While most studies consistently found values somewhat above or below a = 2, the compari-
son would reveal unresolved systematic errors in all these studies, including our own, if &
was truly universal for all FFDs. The determination of « using different methods without
reliable uncertainty estimates across different studies makes it difficult to assess whether
the spread in « from about 1.4 to 2.5 is physically motivated or not.

Addionally, for both low and high flare energies, the detection of flares is usually incomplete
or contaminated. This is caused by finite time sampling, cosmic ray impact, and scatter in
the light curve at the low end, and finite observation time at the high end (see Section 6.3.5).
As long as these methodological and observational caveats apply, to answer the question
about the universal nature of « proves very challenging.

6.5.4 Maximum flare energy

Spots can survive on the stellar surface from a few days to nearly a year [Dav15; Nam+17].
Complex spot geometry is correlated with the stongest X-class flares on the Sun [STZ00;
Tor+17]. These observations support the idea that flares are associated with the presence of
certain types of starspots, or more generally, certain types of active regions. Since we expect
that there is a maximum flare energy a spot can produce, the underlying power law relation
must break above some maximum value in any FFD. We tested a possible truncation of our
FFDs using the Kolmogorov-Smirnov test for consistency with a power law distribution,
followed by the exceedance statistic to test for a truncation of this power law as suggested
by [MK09]. While most FFDs with > 50 flares were consistent with a power law distribution,
we found no evidence for truncation in any of the T.g-age bins. This would imply that
we did not sample the highest possible energies. Such a conclusion is plausible because
flare energies higher than our observed maximum flare energies were detected on other
stars (see Fig. 6.11, [How+19; Lin+19; Shi+13b; Tu+20]). In a few FFDs, we still noted a
deviation from a single power law at the high energy end. This effect could be caused by
the combination of stars with different flaring rates into a single distribution, which would
violate the assumption of similarity between the stars in each bin (see Section 6.3.4).

6.6 Summary and conclusions

In this study, we investigated how flaring activity unfolded for different age and T.g ranges
anchoring the age to the membership in five open clusters. We found flaring activity to
decrease from mid M dwarfs to G stars, and from ZAMS to solar age, except for stars later
than M5, where activity increased from ZAMS to 690 Myr. We found indications of a mass-
and rotation-dependent threshold age, above which stars depart from the saturated flaring
activity branch.

Using multiple cluster membership studies we selected for high probability members, and
drew from a host of multiband photometry catalogs and Gaia astrometry to determine
Tegr and stellar luminosities. Keeping only targets with well-determined mass and age we
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proceeded to search 3435 K2 long cadence light curves obtained for these stars throughout
the K2 mission. We applied the open source software K2SC to remove rotational variability
and instrumental effects. We developed the open source software AltaiPony, and used it
to automatically detect and determine the properties of flare candidates. We vetted all flare
candidates manually and discussed various sources of false positives and incompleteness on
both the high and the low energy end of the FFDs. All in all, we searched 2111 stars in five
open clusters, and found 3844 flares. Most flares originated in the Pleiades and Praesepe,
several hundred were found in the Hyades, a handful in Ruprecht 147, and only one flare
candidate appeared on a K1 dwarf in M67, although several flares were found in binary
systems in both Ruprecht 147, and Mé67.

We fit power law functions to the FFDs of flares from stars in different age and T.g bins.
We found that the power law exponent @ was consistent with previous work, and caution
against interpreting apparent trends, especially when comparing across different studies.
Our results indicated that flaring activity declined with age, and did so faster for higher mass
stars. We provide the measured flaring rates in Table 6.3 as a contribution to the endeavor of
mapping the flaring-age-mass relation from pre-main sequence to main sequence turn-off,
and from the onset of an outer convection zone in F type stars to the coolest brown dwarfs.
Our findings paint a picture of clear trends in the flaring evolution of GKM dwarfs on
the main sequence. Regardless of varying methods employed for flare search and FFD
analysis in previous studies we found encouraging consistency in flaring rates with both
Kepler and K2 based work, and ground-based surveys. We noticed some differences, which
we could not always resolve as being either systematic or astrophysical. We suggest that
discrepancies between our results and flare studies that used rotation periods for their age
estimates [Dav+19; Rae+20] could be explained by sample selection bias but may also point
to limitations of rotation periods as an age indicator. Noteably, we found the flaring activity
in M1-M2 dwarfs in Hyades and Praesepe to differ significantly despite their similar ages,
while it was consistent for the two clusters for both higher and lower mass stars. We interpret
this as a sign of a mass- and rotation-dependent transition from saturated to unsaturated
activity levels: The flaring rates of higher mass stars at somewhat lower rotation periods had
already declined substantially, while lower mass stars still resided in the saturated activity
regime, and were spinning faster. We conclude that some discrepancies between our results
and flare studies that used rotation periods for their age estimates could be explained by
sample selection bias toward more active stars, but others may hint at limitations to using
rotation as an age indicator without additional constraints from stellar activity.

The impact of flares from low mass stars on rocky exoplanets in the habitable zone is
a key component to understanding the space weather environments in which life may
develop on these objects. Flares are promising candidates for being a major source of high
energy radiation [Air+20] that can fertilize the emergence of biological life or impede it if
overdosed; it may sweep away or alter the composition of these planets’ atmospheres, and
even evaporate oceans full of surface water [SBJ16; Til+19]. Age-calibrated FFDs that trace
the entire lifespan of planet hosting stars are indispensable ingredients to the assessment of
planetary atmosphere survival under repeated flaring.

Although Kepler and K2 data were already used in more than 2 400 publications in 2018,
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the public archive was still considered understudied [Bar+18]. It will remain a benchmark
mission not only for exoplanet search, but also for various subfields in stellar astronomy,
and flaring activity research, in particular. Results from the first year of operations of
TESS indicate that the light curve quality delivered by the mission so far was well suited
for statistical flare studies, too [DRD20; Fei+20; Giin+20]. The expected lifetime of TESS
could be up to 20 years, in which case the number of high quality flare samples will soon
outclass Kepler and K2 as the primary source of flares. The mission will vastly expand the
treasury of light curves, leaving us optimistic that this work was only a first step toward a
comprehensive flare rate evolution model.
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6.7 Appendix

6.7.1 Membership probabilities

To match catalogs on RA and declination we used the astroML.crossmatch tool for
Python [Van+12].
For the studies with classifiers we assigned membership probabilities as follows. In [Gon16]:

p(M(member)) = 0.9,
p(BM(binary member)) = 0.9,
p(N(nonmember)) = 0.1,
p(SN(single nonmember)) = 0.1,
p(BN (binary nonmember)) = 0.1,
p(U(unknown member)) = 0.5.

In [Cur+13]:

p (Y (highest confidence member)) = 0.9,
p(P(possible/probable member)) = 0.7,

p(N(not likely/nonmember)) = 0.7,

p(B(photometry consistent with blue stragglers)) = 0.0.

In [Reb+17]:

p((best)) = 0.9,
p((ok)) = 0.6,
p((else)) =0.1.

Members from [Dou+17; Reb+16]; and [Col+18a] were assigned p = 0.9 if they appeared in
the final catalog.

Table 6.5 gives an overview over different membership catalogs. Figure 6.14 shows member-
ship probability histograms of the final sample broken down by membership source.
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Table 6.5: Membership catalogs used in this work.

source type clusters covered notes
[Cur+13]  classifier Ruprecht 147
[Dou+14]  probability Hyades, Praesepe meta study
[Gon16] classifier Mé67
[Reb+16]  members list Pleiades meta study
[Reb+17]  classifier Praesepe meta study
[Dou+17] members list Praesepe meta study
[Col+18a] members list Hyades', Gaia DR2
Ruprecht 147, Pleiades,
Praesepe
[Can+18]  probability Ruprecht 147, Gaia DR2
Pleiades, Praesepe
[Gao18] probability Me67 Gaia DR2
[Rei+18b]  probability Hyades' Gaia DR1
[Oli+18] probability Pleiades Gaia DR2, DANCe
[Oli+19] probability Ruprecht 147 Gaia DR2, DANCe

Meta study: See references in the studies for additional membership information. DANCe: DANCe
membership study project. Gaia DR1: The study used data from the first data release [Col+16a] of the Gaia
mission [Col+16b]. Gaia DR2: The study used data from the second data release [Col+18b]. TPositions for
Hyades were propagated to epoch 2000 using Gaia proper motions.

6.7.2 Cluster parameters

We compiled various age, distance, and metallicity values from the literature for the clusters
in this study. Table 6.6 shows that most studies independently arrived at similar results
for all our clusters. The adopted parameters are emphasized, and were chosen based on
consistency with prior work, uncertainties provided with the results and the data used for
the study (newer catalogs were preferred).

6.7.3 Solar system object detection with SkyBot

K2 photometry was heavily affected by crossings of solar system objects (SSOs), which
consequently produced mimicking flare profiles in the light curves [Sza+15]. Independently,
two of us visually verified the SSO-nature of 42 flaring light curve events by inspecting their
corresponding TargetPixelFiles (TPF) using 1ightkurve [Lig+18]. Except for one occasion,
we found all events to be known SSOs, both in the visual survey and automatically using
SkyBot [Ber+16]. Subsequently, we ran SkyBot on the remaining catalog of flares to remove
other false positive events caused by known SSOs. Visual inspections of TPFs were carried out
for any SSO detected within 30” of its target star at mid-event time. This yielded additional
103 contaminated signals distributed among three subgroups, (i) 77 unambiguous SSO-
contaminants verified through 1ightkurve (ii) 18 faint SkyBot-detections (V ~ 20.4 — 23.8)
within ~ 3 pixels from the respective target star but visually unresolvable in the TPF, (iii) 8
occurrences in which both flare and SSO-crossing occurred during the given flare duration
stated in the catalog. The latter should be dealt with caution due to a high risk of inaccurate
catalog information altered by the presence of SSOs. Despite of discarding a total of 144 flare
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Table 6.6: Non-exhaustive literature overview over OC parameters.
cluster source distance [pc] age [Myr] [Fe/H]
Pleiades adopted in this work:  135.6 135452 —0.037 + 0.026
[Bos+19] ¢ 86.5+5 ,
[Can+18] 135.6
[Gos+18] 135422
[Yen+18] 1263 141.3+,70
[CD16] 139
[Net+16] -0.01
[Dah15] 11243
[Sch+15b] 130 120
[Con+14] —0.037 + 0.026
[Mel+14] 136
[Bel+12] 135 125
Hyades adopted in this work? 690160 0.13 + 0.02
[Col+18a] 690160
[Gos+18] 680
[Liu+16] £0.02
[Net+16] 0.13
[TJ05] 0.103 = 0.008
[SWP04] 650 0.15
[Per+98] 625+20
Praesepe adopted in this work:  185.5 75045 0.16
[Bos+19] 75043
[Can+18] 185.5
[Gos+18] 590
[Yen+18] 183 794452
[Net+16] 0.16
[Sch+15b] 187 832
[BRL13] 0.12
[Bou+12] 160 630
[SWP04] 175 650
Ruprecht 147 adopted in this work: 305 2650+330  0.08 +£0.07
[Bra+18] 0.08 + 0.07
[Can+18] 305
[Col+18a] 309 19954507
[Tor+18] 283 2650350
[Cur16]¢ 0.10 + 0.02
[Sch+15b] 270 1953
[Cur+13] 300 3125+)2  0.07 +0.03
Me67 adopted in this work: 908 3639+)7 —-0.102 £+ .081
[Bos+19] 36391%;
[Net+16] 0.03
[Bar+16] 4200700
[Sch+15b] 3428+
[Con+14] ~0.102 + .081
[Dia+12] 908 4300
[One+11] 880 4200 0.02
[SWP04] 4300+200  0.02 +0.06

a [Bos+19] noted some caveats for their isochronal ages, for which they used Gaia DR2 photometry. , We did

not adopt a mean value for the Hyades distance because the cluster members are on average closer than 50 pc.

¢ [Curl6] reanalysed HIRES spectra using an improved spectroscopic method as compared to [Cur+13].
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Figure 6.14: Open cluster membership histograms and selected targets. Each panel corresponds to
the distribution of candidate members of the cluster indicated in the panel title. Membership catalogs
are shown as step histograms (different colors). The mean membership probability distribution is a
filled histogram (gray). For our study, we selected only stars with membership probabilities above
80% that were observed by K2 in long cadence mode (black filled histogram).

events, we expect additional contaminants by unknown SSOs to hide in the current sample.
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This issue can partly be resolved by animating each TPF as demonstrated by Kristiansen et
al. (in prep.).

6.7.4 Modified maximum likelihood estimatator

As a means to arrive at results efficiently, and as consistency check to the method derived
from [Whe04] we fit « to the FFDs in ED and Exj, space using a modified maximum likelihood

estimatator (MMLE, [MKO09]). The logarithm of the likelihood function £ that had to be
maximized was given by the authors in Eq. (8) in their manuscript:

n
log L =nlog(1-a)—n log(xrln_af‘; - xrln_n‘f) —a Z log x;, (6.9)
i=1

where x;, Xmax, and xpi, were the detected flare energies, and the upper and lower limits
for detection, respectively. n was the total number of flares. The estimate for &« would be
biased in practice because the value used for x,x would be the maximum energy that was
measured, and not the underlying upper limit. The stabilization transformation suggested
by the authors (Eq. (12) in [MKO09]) was then applied to the solution for « to account for
this bias: "

a=1+——(&-1) (6.10)

n-—2

Using the MMLE method on the full sample of flares in Ex, and ED space we obtained
Oerg =1.97 and ag = 2.06, respectively, indicating a marginally flatter power law than the
adopted [Whe04] model (derg =1.98, ag =2.1).
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Abstract

White-light flares are magnetically driven localized brightenings on the surfaces of stars.
Their temporal, spectral, and statistical properties present a treasury of physical information
about stellar magnetic fields. The spatial distributions of magnetic spots and associated
flaring regions help constrain dynamo theories. Moreover, flares are thought to crucially
affect the habitability of exoplanets that orbit these stars. Measuring the location of flares on
stars other than the Sun is challenging due to the lack of spatial resolution. Here we present
four fully convective stars observed with the Transiting Exoplanet Survey Satellite (TESS)
that displayed large, long-duration flares in white-light which were modulated in brightness
by the stars’ fast rotation. This allowed us to determine the loci of these flares directly from
the light curves. All four flares occurred at latitudes between 55° and 81°, far higher than
typical solar flare latitudes. Our findings are evidence that strong magnetic fields tend to
emerge close to the stellar rotational poles for fully convective stars, and suggest that the
impact of flares on the habitability of exoplanets around small stars could be weaker than
previously thought.

7.1 Introduction

Cool stars, i.e. stars with an outer convective envelope, are known to display a variety
of magnetically driven phenomena, such as starspots, flares, and coronal mass ejections,
collectively called magnetic activity [SZ08]. Sun-like stars possess a radiative core, and their
magnetic activity is understood to be driven by a magnetic dynamo of the a-Q type [Par55;
Rob72]. For low-mass stars that are fully convective (spectral type M4V and later, [Sta+11]),
a type of dynamo must be operating that does not require the presence of a radiative core.
Surprisingly, the relation between rotation and magnetic activity for stars on either side of
the fully-convective boundary is the same in both X-ray [WD16; Wri+18] and Ha [New+17]
observations, suggesting that the dynamo operating in fully convective stars has a similar
efficiency as the one in our Sun. One important difference between Sun-like stars and
low-mass M dwarfs is that Sun-like stars spin down quickly, while M dwarfs remain fast
rotators much longer [Irw+11; New+16]. Fast rotation fuels enhanced magnetic activity and
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therefore frequent flaring, which is exploited in studies of stellar flares in M dwarf stars
down to the bottom of the main sequence [Pau+18; RPS10; Sch+16a; Ste+06].

On the Sun, emerging magnetic fields drive flares, and stronger fields drive more ener-
getic flares, making them highly localized markers of dynamic magnetic field concentra-
tions [PF02]. In optical light curves, flares manifest as sudden brightenings that last between
a few minutes and several hours. The onset of a flare is characterized by a fast rise in stellar
flux which peaks in a sharp maximum, followed by an exponential, and then a more gradual,
decay back toward the quiescent state.

The location of flares on the stellar surface constrains the surface field strength and
topology, and tests predictions from stellar dynamo theories. On the Sun, the positions of
large flares follow the cyclic latitude variations of sunspots [Zha+07]. The latter is known
as the butterfly diagram, and is crucial to the understanding of the solar dynamo [Gne77].
Fast-rotating young solar-like stars and low mass stars have been predicted to form magnetic
spots close to the rotational poles [Gas+13; Gra+00; SS92; Yad+15], and this prediction has
been confirmed by spectroscopic and spectropolarimetric observations [e.g., Bar+15; Bar+17;
Is1+18; Jar+07; Jar+08; Mar+06; SR98]. If these spots are co-spatial with large flares, they
may be classified as intensely active regions with a dynamic local field configuration.

Differences in flaring region loci can also, at least partially, explain the variety seen in
flare light curve morphologies. The convex shape of a flare light curve in X-rays on V773
Tau [Ski+97] could be well-described by rotational modulation. Later, effects of rotation and
eclipses have been put forward as an explanation for unusual flare light curves multiple
times [Joh+12; Mon+00; Ste+99]. However, only few examples of unambiguously located
stellar flares exist to date [Pet+10; SF99; Wol+08].

Here, we present observations of four giant flares that occurred on fast-rotating fully
convective dwarfs detected in photometry from the Transiting Exoplanet Survey Satellite
(TESS, [Ric+15]). These flares are remarkable because they lasted longer than a full rotation
period of the star so that the characteristic flare light curve was modulated by the flaring
footpoint’s movement in and out of view on the stellar surface. In Section 7.2, we describe
our selection of both the stellar and the flare sample, and explain how we determined stellar
properties for the promising candidates. In Section 7.7, we introduce a model of large flares
with rotationally modulated light curves, show how we can use it to infer the latitude of the
flaring regions, and discuss the assumptions made in the model. We fit our model to the
observations, and present the inferred flaring region latitudes in Section 7.10. We briefly
discuss quasiperiodic pulsations as an alternative model, place our results in the context of
current research on stellar surface magnetic fields and dynamo thoeries for fully convective
stars, and explore their implications for exoplanet habitability in Section 7.11. We conclude
with a short summary and an outlook in Section 7.12.

7.2 Data

We started our systematic search for long-duration superflares on fully convective stars
with the entire TESS archive. First, we used a color and brightness cut to restrict our search
to fully convective nearby stars (Section 7.3). Second, we searched their 2 minute cadence
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light curves for flares, and selected those candidate events where we could detect a rotation
period that was shorter than the visible flare decay (Section 7.4). Our final sample consists of
four giant flares on four stars with spectral types M5-M7 and rotation periods between 2.7
and 8.4 hours. Two stars in our sample lacked measurements of projected rotation velocity
in the literature. For those we obtained high-resolution spectra (Section 7.5), so that we
could determine the properties of all stars, including the inclination of the stellar rotation
axis (Section 7.6).

7.3 Stellar sample and TESS light curves

We compiled a sample of nearby fully convective dwarf stars of spectral type M5 and later
that were observed with TESS in the first two years of observations (Cycles 1 and 2). We
selected bright stars with TESS magnitude < 15, which we crossmatched within 5 arcsec
with nearby stars (parallax > 20 arcsec) in Gaia [Col+16b] DR2 [Col+18b]. We required
good G and RP colour measurements, i.e., band flux divided by its error (f lux_over_error
in the Gaia catalog) > 10, and applied a color cut to select for fully convective stars. We
applied 1.27 < G — RP < 1.75, based on the relation between G — RP band color and spectral
type [Kim+19] derived from spectroscopically identified M and L dwarfs in the Sloan Digital
Sky Survey [Yor+00] (SDSS). In total, we analysed 3,175 targets that were observed with
TESS.

7.4 Flare sample

We searched for stars that displayed both long duration flares in their light curves, and clear
rotational modulation outside of flares with a period shorter than the visible flare decay.
Modulation of the flare itself was not a selection criterion. The typical TESS light curve
spans one Sector, or 27 days, and we used only stars with 2-minute cadence data to ensure
that we could fit the shapes of the superflares in sufficient detail. Our sample covers TESS
Cycles 1 and 2, Sectors 1-26, encompassing both hemispheres above and below the ecliptic,
that is, about 73 per cent of the whole sky [Ric+15]. We used the flare finding algorithm
AltaiPony [Ili21] to detect flares on 6,291 light curves that were obtained for the 3,175
sample stars.

From the 17,646 automated flare detections we selected those with relative amplitudes
above 20 per cent. For each light curve with at least one such flare we derived the Lomb-
Scargle periodogram [Lom76; Sca82] using lightkurve [Lig+18] in order to determine
the stellar rotation period as the signal with the highest peak and SNR > 2.5. For the
promising cases, we compared the periodograms derived from the TESS light curves that
were systematic corrected with the Presearch Data Conditioning pipeline [PDCSAP_FLUX,
Jen+16], and those extracted from the raw flux (SAP_FLUX). We selected candidates where
the measured flare duration was at least 15 per cent of the detected rotation period. The
duration was chosen to ensure that we did not exclude the superflares that were split into
multiple detections by AltaiPony due to rotational modulation. We arrived at this threshold
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Table 7.1: Long-duration flares on small stars with complex shapes that indicate the presence of
more than two superimposed events. These targets were excluded from the analysis.

TIC Sector P [h] tgart [BTJD - 2457000 d]
441811894 18 5.13 1804.987685
441606549 20 4.49 1846.901948
298160985 14 6.90 1704.145163
260972843 5 6.83 1454.968234

by injecting model superflare events into simulated light curves with typical Gaussian noise
levels, and recovering their properties using AltaiPony (see also Section 7.11.1).

7.4.1 Manual inspection of flare events

We identified 343 candidate events for superflares which we inspected visually. Out of those,
in 19 cases the detected rotation period was a fluke in the periodogram where multiple
peaks could not be separated into rotational and non-rotational signal. Some candidates
were instrumental false positives (19), others were contaminations from Solar system objects
that mimicked flare events (6), both of which could be disambiguated from the Target Pixel
Files from which the light curves were extracted. The majority, however, were flares with
total duration below one rotational period (291), partly because aliases in the periodogram
suggested faster rotation, but mostly because the conservative 15 per cent relative flare
duration threshold allows selection of short flares. Finally, four flares lasted for multiple
rotation periods but exhibited a complex flare morphology that indicated the presence of
more than two superimposed flares in each event (Table 7.1).

We observed four long duration superflares, i.e., flares with TESS band energies above 1
erg, on fully convective M dwarf stars in the red-optical regime (“white-light”) with TESS:
TIC 277539431 (2MASS J10551532-7356091), TIC 452922110 (2MASS J08055713+0417035),
TIC 44984200 (2MASS J08380224-5855583), and TIC 237880881 (2MASS J01180670-6258591),
hereafter referred to as TIC 277, TIC 452, TIC 449, and TIC 237.

033

7.5 High-resolution spectra

We collected high-resolution spectra for two of our sample stars that did not have literature
values for their projected rotation velocity v sin i available. TIC 449 and TIC 277 were
observed with the High-Resolution Spectrograph [HRS, Cra+14] at the Southern African
Large Telescope [SALT, BSM06] on February 08 and February 09 2020, respectively. The HRS
provides spectra covering a wavelength range of 5, 500—8, 900 A in its red arm with a spectral
resolution of about 40, 000 in our chosen medium-resolution mode. Since our targets have low
effective temperatures, the bulk of the stellar emission was observed redwards of 7,000 A .
The data were reduced with the PEPSI data reduction software [SIS18]. The reduction
followed the standard steps of bias overscan, detection and subtraction, scattered light
extraction from the inter-order space and subtraction, definition of échelle orders, optimal
extraction of spectral orders, wave-length calibration, and a self-consistent continuum fit
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to the full two-dimensional (2D) image of extracted orders. The one-dimensional spectra
resulting from combining the échelle orders were used to infer the rotational line broadening
as described in Section 7.6.5.

7.6 Stellar properties

Our goal was to simultaneously constrain the latitude (6r) of the superflare on the stellar
surface together with its longitude, and underlying shape. In order to infer 67 from the flare
light curves we required reliable information about the stars on which they occurred (Ta-
ble 7.2). Rotation periods (P;t) enter both the stellar inclination calculation, and the flare
modulation model itself. Spectral types are needed to determine the luminosity of the stars,
and from these the flare energies (Er) and flaring region sizes (w). Combining Py with
stellar radius (R.), and projected rotational velocity v sin i, we could calculate the inclination
i of the stellar rotation axes. Eventually, knowing i allows us to break the partial degeneracy
between i and 60 in the model fit.

7.6.1 Rotation periods

We calculated the uncertainty on Pyt by combining the results from sine fits to all available
TESS light curves for each target assuming Gaussian uncertainties on the flux, and derived
the posterior distributions for P,y using the Python Markov Chain Monte Carlo (MCMC)
sampler emcee [For+13]. The modulation was stable (Fig. 7.1), i.e., it did not show any sign
of evolution in the phase-folded light curves of 1-3 consequent Sectors for each star. The
resulting values for Pt were then used in the inclination calculation, and the modulation
model fits.

7.6.2 Spectral types

We adopted spectral types from previous work [Kir+16; Kra+14; Pha+17] that used low-
resolution optical or IR spectroscopy for TIC 237, TIC 277, and TIC 449. For TIC 452, we
compared a spectrum obtained from the FAST spectrogragh at the Fred Lawrence Whipple
Observatory to the [Boc+07] composite spectra. For TIC 277 and TIC 449, spectral types
were also consistent with the literature values when comparing the SALT spectra to those
in [Boc+07]. We selected the nearest stars within 5 arcsec of our targets in the Two Micron
All-Sky Survey [2MASS, Skr+06] and Gaia DR2 databases in order to obtain optical and
infrared photometry and distances from parallaxes.

7.6.3 Stellar quiescent flux

The absolute released flare flux determines the modelled size of the flaring region in the
photosphere. However, the light curves provided by TESS did not have accurately calibrated
absolute fluxes. We calculated absolute quiescent fluxes in the TESS band using stellar
spectrophotometry, transforming the flux in Gaia G band to the TESS band. We first
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Figure 7.1: Left: Lomb-Scargle periodograms of the TESS light curves (PDCSAP_FLUX) of the four
investigated stars. Right: phase folded light curve of the same stars as on the left, folded with their
rotation periods P;o. Grey dots: Light curve flux with outliers clipped at 30 above the noise level.
Black line: Rolling median, calculated using an 800 data points window. nyo is the number of rotation
periods covered by the data.
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constructed representative spectra for each spectral type that covered the TESS-Gaia range
(~ 3,500 — 11,000 A) by combining spectroscopic templates [Boc+07; Sch+14a] with the IR
prism spectra from the Spex Prism Library [BM06; Bur+04; Bur+07; Bur+08; Bur14; Kir+10].
We then integrated over the Gaia G band filter response curve, and normalized the spectral
energy distribution (SED) to the Gaia value. To obtain fluxes in TESS, we integrated over
the response curve for TESS. The major uncertainty in the spectrophotometric fluxes was
in the spectral type used to select the SED, so we assigned uncertainties to the fluxes with
a difference of one spectral subclass based on typical differences in the literature, which
is higher than uncertainties quoted within individual works. We then converted flux to
luminosity using the Gaia distances.

7.6.4 Stellar radii

We calculated stellar radii based on the relationship between absolute Ks magnitude and
radius for M dwarfs [Man+15]. The absolute K5 magnitude was calculated from the apparent
Ks magnitude in 2MASS and the geometric Gaia DR2 distance of the stars [Bai+18]. The
uncertainties in the reported radii are based on a combination of the scatter in the magnitude-
radius relationship (~ 3 per cent) and the uncertainties on distance and Ks magnitude.

Systematic errors in the model fits may arise in the R, calculation, which would affect the
derived inclination, and relative size of the flaring region. Radii that are inflated by ~ 12 — 14
per cent compared to stellar structure models have been reported for both components of the
rapidly rotating late M dwarf equal mass wide binary GJ 65 [Ker+16] which they attributed
to youth and the suppression of convection due to strong magnetic fields. However, we
determine the radii of our targets from absolute K5 magnitudes, with their distance being
well known from Gaia DR2 data [Man+15]. This method is self-correcting for inflation
because an M dwarf that is abnormally large will also have an absolute brightness that will
be larger than for a non-inflated M dwarf.

7.6.5 Projected rotation velocity vsini

The inclination i of the stellar rotation axis is partially degenerate with the flare latitude 6.
This ambiguity needs to be broken by an independent measurement of i, which we achieve
by measuring the projected stellar rotation velocity v sin i.

For two stars (TIC 452 and TIC 237) we used existing v sin i values [Kes+18; Kra+14]. The
other two, TIC 449 and TIC 277, did not have existing v sin i measurements in the literature.
For those, we used the collected SALT spectra (see Section 7.5) to determine the projected
rotation velocity.

For thev sin i inference we used a technique that employs cross correlation functions (CCFs)
of rotationally broadened template spectra to calibrate a relation between the FWHM of
the CCF and vsini [R]JG12]. We calibrated the normalized CCFs using high-resolution
optical CARMENES (Calar Alto high-Resolution search for M dwarfs with Exo-earths with
Near-infrared and optical Echelle Spectrographs, [Qui+10]) spectra of CN Leo (M6), LP
731-058 (M6.5), and Teegarden’s Star (M7). This was done to reduce bias in the v sin i values
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Figure 7.2: SALT spectra of TIC 277 (top panel) and TIC 449 (bottom panel), and rotationally
broadened best-fitting template spectra. The black line is a template spectrum broadened with the
best-fitting v sin i value obtained with the CCF technique. The magenta and blue lines show the same
templates, but broadened with a 10 km s™! higher and lower v sini than the best-fitting solution,

respectively.

60
CN Leo
55/ ---- LP 731-058
....... Teegarden's Star Ry
50{ — TIC 44984200
—— TIC 277539431
7]
€ e
< 40 ——
z =T
£ 35 e
300 e T
254 -7 .
20 ' - ‘ |
40 45 50 35 60 65

FWHM [km/s]

Figure 7.3: Projected rotational velocity v sin i derived from the SALT spectra of TIC 449 and TIC
277. Grey lines: Third order polynomial fits to the calibration functions for three template spectra.
Red and blue crosses: Fitted FWHM from the cross-correlation functions of SALT spectra in the
7,938 — 7,955A region with uncertainties for TIC 449 and TIC 277. The fits indicate that the stars
are rapidly rotating with v sini of ~35 km s™! and ~38 km s™!, respectively.
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derived with individual templates, and to account for uncertainty in the spectral types of
the SALT targets. The template stars rotate at v sini < 3 km s™! [Rei+18a]. We broadened
these three template spectra using the eniric [NF19] software assuming a limb darkening
coefficient € = 0.6 [Cla98] in the range from 1 to 60 km s™! taking 1 km s™! steps. Then
we measured the FWHM of the CCFs to derive a calibration function for v sin i from the
broadened templates.

In the selection of spectral regions, we started with suggestions for suitable wavelengths
for low-mass stars in [Rei+18a] in the 7,410 — 8,700 A range that overlapped with our SALT
spectra. We found the region 7,938 — 7,955A surrounding the Rb 7948A line to be best
suited for the chosen technique, and the spectra collected for our target stars (Fig. 7.2). This
line is strong, shows isolated line wings, and is largely unaffected by telluric features. These
properties make it sensitive to changes in v sin i in the 10 — 50 km s™! range, while in the
other inspected regions the lines were blended, or much weaker, or both. We fit a third
order polynomial to the calibration function, and used the fit to propagate the uncertainty
on FWHM to the resulting v sin i values (Fig. 7.3). We found uncertainties on v sini in
the 1.2 — 1.9 km s™! range for individual pairs of templates and spectra, and no apparent
trends with the spectral type of the templates, so that we treated the results as independent
measurements. Averaging over the best-fit results for the pairs we arrived at uncertainties
of 0.8 km s™! for TIC 449 and 1.0 km s™! for TIC 277 with Gaussian error propagation.

7.6.6 Stellar inclinations

We used the stellar rotation period Pyt and radius R, along with the v sin i to infer the stellar
inclination angle i. To account for the statistical dependence between equatorial velocity
(determined from P,y and R,) and v sin i, we used the framework of [MW20]. We used
an MCMC sampler [GW10] to produce a posterior probability density for cosi given the
measurements. We required 0 < cosi < 1, and assumed Gaussian priors on v sin i, Pyt and
R.. The posteriors for i were non-Gaussian for the stars determined to be close to equator-on,
but could be approximated by a double Gaussian fit which we subsequently used as an
informative prior in the model fits (Fig. 7.4). We give the median and 68 per cent confidence
interval as the best-fitting values and errors in Table 7.2, using the convention that i < 90°.

7.7 Methods

The presence (or absence) of a periodic modulation in the flare flux observed in the optical
light curves in our sample can be modeled by a bright flaring region on the stellar surface
that periodically, partially or fully, rotates in and out of view (Section 7.8, Fig. 7.5). We
discuss the simplifications made in the design of the model (Section 7.9), such as assuming a
10,000 K flare temperature, a spherical cap as the shape of the flaring region, and a universal
flare time evolution parametrization. We also motivate why we neglect differential rotation
in our analysis, and why we assume that multi-peaked flares are co-spatial. Our assumptions
do not pose considerable limitations on our conclusions. They may, however, partly explain
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Figure 7.4: Posterior distributions of stellar inclination angles. Inclinations i were derived from
v sin i, Ky magnitude based stellar radii and rotation periods from TESS light curves using the method
described in [MW?20]. For all stars except for TIC 277 the uncertainties on i were well approximated
as Gaussian, while the latter can be approximated with a superposition of two Gaussian distributions
using the convention that i < 90°. Accurate constraints on i are crucial to the accuracy of the
subsequent inference of the flare latitude 6 because the morphology of a modulated flare is to some
extent degenerate in i and 0.

the cases where the model could not capture all features of the flare light curve, such as
deviations from the flare template near the peak.

7.8 The flare modulation model

While flaring regions on the Sun may take complicated shapes that grow, shrink, brighten
and dim non-uniformly with time [AA08], the large flares typically observed on stars can be
adequately represented in terms of the flare amplitude and the impulsive and gradual phase
of the flare [e.g., Gliin+20]. For our observed light curves, the integrated flux from these
regions can be described as an empirical model flare ([Dav+14], hereafter [Dav+14]) that
erupts from a circular region and is modulated by rotation. We chose to adapt the [Dav+14]
empirical model by decoupling their t;/, in the first and second addend of their Eq. 4 into
FWHM; and FWHMj for the impulsive and gradual flare phases, respectively. The model
parametrizes the rise and the decay phases of the flare separately, as in Eqn. 1 and 4 in
[Dav+14]. In its adapted form, it reads:

Frse = 1+ 1.941FWHM,; — 0.175 FWHM? (7.1)
~2.246 FWHM — 1.125 FWHM]
Fiecay = 0.6890 e 100TWIM: 4 g 3030 ¢=0-2783FWHM, (7.2)



The flare modulation model
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Figure 7.5: Flare modulation model. From left to right, the top row shows a clockwise rotating star
(blue dots) with a flaring region (red dots), from the start of observation at t, to the peak flare time
tr, and further to the flaring region being rotated to the stellar far (¢,,i,) and near (t;qax) sides. The
angular distance between the rotational pole (black star) and the intersection of the line of sight
with the centre of the star (black cross) is the inclination i. « is the angular distance of the flaring
region to the line of sight, and w is the full opening angle of the circular flaring region. The depicted
configuration results in the observed light curve (red line) in the bottom panel. The underlying flare
model is shown as a grey dashed line in the same panel.
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Our (3+3+1)-parameter model was fit using an MCMC method (Fig. 7.6). The first three
parameters are the flare peak time ¢, the corresponding longitude ¢, and the latitude 6y,
which define the timing of the flare and its location on the stellar surface. The other three
are the relative flare amplitude A, FWHM;, and FWHM,, which determine the intrinsic
shape of the light curve. The last parameter is the inclination i of the stellar rotation axis,
which is constrained by independent observations. The geometric modulation is determined
by i, 0 and ¢ that we combined to give the distance of the flaring region from the limb.
The model light curve was constructed in three steps:

1. Determine the size of the flaring region from the flare temperature Ty, and A, given
the stellar radius R, and luminosity L..

2. Split the flaring region into spatial elements (0, ¢) to calculate the spatially resolved
rotational modulation of the flare flux.

3. Apply the modulation to the flare light curve and sum the spatial elements to obtain
the model luminosity L, ge;-

7.8.1 Size of the flaring region

We modeled the flaring region, that is, the photospheric footpoint of the flaring magnetic
loop, from which the white-light emission originates, as a uniformly bright spherical cap.
Its position relative to the line of sight of the observer determined the morphology of the
obtained flare light curve. We described the flare emission in the optical as a Ty = 10,000 K
blackbody (see Section 7.9.1), and determined the specific flare flux F7(Tr) of the region by
integrating its spectral energy distribution within the TESS band. The modulation is equal
to the cosine of the incidence angle, known as geometrical foreshortening. The integration
over the flaring region yields the maximum observable flare luminosity L 4, that is the
flare luminosity of a flaring region centred on the line of sight (see grey lines in Fig. 7.6):

Limas = mRFpo(Ty) sinz(%). (7.3)

w is the full opening angle of the cap which can take values between 0 and 7. In the following,
all reported flare parameters (FWHM;, FWHMy, A) refer to the flare as it would appear when
fixed on the line of sight. Lf 4y is also the product of A with the quiescent stellar luminosity
L, in the TESS band:

Lfmax = A~ L. (7.4)

Combining Eqn. 7.3 and 7.4 yields the angular radius w/2 of a circular region that produces
a flare with a given amplitude A and temperature Ty on a star with radius R, and quiescent

luminosity L,:
A-L,
— . (7.5)
”RzFf,s (Tf)

/2 = arcsin




The flare modulation model

7.8.2 Rotational modulation and model luminosity

The flaring region with radius w/2 centred on (0, ¢r) was represented by an ensemble of
N evenly distributed spatial elements. It was assumed to emit uniformly, so each spatial
element emitted the same fraction Fy(t) = L¢(t)/N of L¢(t) at any given time ¢ during the
flare. Before and after the flare the region emitted the average quiescent stellar flux. To
model the maximum flare flux Fy(t), we used the adapted [Dav+14] model.

For ease of calculation, we converted t to phase { in units of radian using the rotation
rate of the star f = 27(t — ty) /Prot Where t, marked the start time of the light curve that we
selected for the model fit, and P,; was the rotation period of the star.

Every spatial element emitted a modified flux F7(0, ¢, t) of its maximum flux F f(f) toward
an observer at infinite distance. The modification was again given by the geometrical
foreshortening with incidence angle a:

Fr(6,,1) = Fs(f) cosa(6, ¢, f). (7.6)

a was the distance from the intersection point O of the line of sight with the centre of the
star to every spatial element (0, ¢)

a = arccos(sin 0 cos i + cos 0 sin i cos(¢ — ¢o — 1)), (7.7)
where @y was the longitude that faced the observer at .

To determine when a spatial element was behind the limb we calculated the visible
rotation fraction D, i.e., the fraction of each stellar rotation during which the spatial element
is visible to a distant observer. Applying the spherical law of cosines to the triangle between
O, a point on the limb at a given latitude, and the rotational pole of the star we obtained

1
D= —arccos(— tan@tan(f - z)) (7.8)
T 2
Using D and ¢, we defined a step function d(f) that was 1 when the spatial element was
visible, and 0 when it was hidden. Combining d with F f(9, o, t) we obtained the modulated
flux of a spatial element in the flaring region

Fodel (0, ¢, 1) = Fy(0, ¢,1) d(0, ¢, 1). (7.9)

Finally, we calculated the model luminosity Ly,o4e; as a function of { by summing up all
spatial elements. For N — oo, L,,,4.; becomes the surface integral over the flaring region. In
our fits, we used N = 100, motivated by the time resolution of TESS light curves in cases
where the modeled flare is modulated with a high gradient, that is, when the impulsive flare
peak is moving in or out of view at the limb. In all other cases, N = 10, or even N = 1 (for
flares located close to the pole at low i) can be sufficient.
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7.8.3 Fitting the model to the observed light curve

First, we masked the flare and fit the dominating starspot modulation and long-term trends
in the light curve using Gaussian Process (GP, [RW06]) regression with celerite2 [For+17;
For18]. celerite?2 is a software that provides a library of covariance functions, or kernels,
to use for GP regression on one-dimensional data sets like time series, and more specifically,
light curves. Following [For+17], we chose a mixture of two kernels, called SHOTerm, which
are derived starting from the dynamics of stochastically driven damped simple harmonic
oscillators (SHOs) as a general model for stellar variability. The first is a RotationTerm,
which is itself a mixture of two SHOTerm kernels with periods Py, and P;ot/2, and used
to model the rotational variability. The second is a single SHOTerm that covers all other
variability that may be present in the light curve. We obtained posterior distributions on the
parameters using the same wide Gaussian priors (o = 2) for all fits except for the prior on
the rotation period in the RotationTerm kernel. There, we used the period Py, obtained from
the Lomb-Scargle periodogram as a prior (see Sections 7.6.1 and 7.4). We then subtracted the
prediction for the light curve in the time interval of the masked flare to obtain the residual
flare light curve to which we subsequently fit our model.

In a second step, we constructed a likelihood function assuming that the uncertainty in
flux (quadratic addition of uncertainty from GP fit and PDCSAP_FLUX_ERR, termed "original
uncertainty” from here on) was Gaussian. Our priors were uniform over the physically
permissible ranges (> 0 for the flare parameters, [0°,360°] for the longitude of the flare,
and [—90°,90°] for 6¢) for all parameters but i, for which we adopted empirical priors (see
Section 7.6.6). Using the MCMC method [emcee, For+13] we determined the posterior
distributions of the flare peak time t¢; the intrinsic flare properties FWHM;, FWHM, and A;
the location of the flaring region, 67 and ¢; and an updated distribution of the inclination i.

7.9 Model assumptions and their motivation

7.9.1 Flare emission in the optical is a 10 000 K blackbody

We assumed that the observed red-optical emission of our flares stems from a blackbody
component at effective temperature Ty ~ 10,000K, as is common in both the Sun and other
low-mass stars [HF92; KMH18; Kow+13; Kre11]. Hotter temperatures have occasionally
been reported for M dwarf superflares in the past [Fro+19; Rob+05]. Typically, the short,
impulsive phase can be hotter than ~ 10, 000 K, but cools rapidly to < 10,000 K where it
emits during the longer, gradual phase [Fuh+08; How+20]. In our model, Ty primarily affects
the size of the flaring region. A large region will be more smoothly modulated than a small
bright kernel. If an initially hotter temperature with subsequent rapid cooling was present,
our model would overestimate the size of the flaring region in the first few minutes of the
flare decay, but the protracted gradual phase that characterizes long-duration superflares
would be largely unaffected.



Model assumptions and their motivation

7.9.2 The flaring region is a spherical cap

We also assumed that the flaring region was a simple spherical cap on the stellar surface.
White-light flares on the Sun take more complex shapes in general, such as pairs of non-
circular footpoints, or crescent-shaped ribbons [HWMO06]. The morphologies of active
regions that are associated with the strongest flares are also the most complex [STZ00]. In
particular, non-circular shapes may cause departures from our model when the region moves
across the stellar limb, but less so when the region is fully in view. Moreover, effects like
saturation of flare loops might violate the assumption that the flaring region is flat [HS18;
JKH18]. However, unlike in solar observations, we can neglect limb darkening effects (see
Appendix 7.13.2).

7.9.3 Flares follow the same time evolution parametrization

Flares often display a complex time evolution that does not follow the [Dav+14] empirical
template. The majority of the largest flares are complex. Based on the ~ 6, 800 flaring events
that [Glin+20] detected in TESS M dwarf light curves, out of 10 per cent of the flares with
the highest amplitudes (A > 0.24) more than 52 per cent were best fit with superpostions of
two or more [Dav+14] flare templates, while in the other 90 per cent this fraction was only
~ 20 per cent.

Some flares cannot be resolved into superpositions of multiple classical flares (“unusual”
flares). While we expect about one out of four flares to be complex [Dav+14; Giin+20;
Haw+14], unusual flares are rare with about 1 per cent incidence rate [Dav+14].

The [Dav+14] model was derived from the flares found in Kepler light curves of GJ 1243,
a frequently flaring dM4e star. We based our flare model on the empirical parametrization
derived for this star. However, if the time evolution of the flare and the geometry of the
flaring region deviate from our assumptions, we expect this to mostly affect the impulsive
phase of the flare. To avoid overfitting the gradual decay phase of the flare which reveals
more about the rotational modulation than the impulsive phase due to its relatively long
duration, we made two adjustments. First, we chose to decouple the time scales for the
impulsive and gradual phases. This is consistent with models that attribute different physical
processes to the impulsive and gradual phases of flares [BG10]. Second, we increased the
uncertainties on the flux above A/2 in each of the flares to 20 per cent of the flare-only flux,
as shown in the bottom panels in Fig. 7.6. The number was an ad hoc choice aiming to
permit relatively strong variability in the amplitude while preserving the overall shape of
the flare.

7.9.4 Differential rotation effects are negligible

Differential rotation may in principle cause systematic errors in the inclination estimates.
Assuming the predicted differential rotation (Qequator =2pote) / QLpuik ~ 0.02 [Yad+15] for fully
convective stars, derived inclinations would increase by about 0.5° — 5°. Assuming complete
degeneracy between i and 0y, the flare latitudes would move poleward accordingly. The
poleward shift would be at the high end of the estimate for flare latitutes that were initially
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close to the pole, and at the low end for flares near the equator. However, fully convective
stars do not appear to reach such strong differential rotation, instead observations indicate
typical values about one order of magnitude lower [Bar+17]. Moreover, the degeneracy is
only partial, because one can, for instance, distinguish a pole-on from an equator-on flare
for a relatively broad range of inclinations, but less so for smaller differences in latitude
(compare, for instance, the left- and rightmost columns in Fig. 7.9). Overall, as long as
differential rotation is Sun-like, i.e. rotation is slower at the pole than at the equator, the
real flare latitudes will be a bit closer to the poles than what we derive in this work.

Another effect of differential rotation would cause the rotation period derived from the
light curve to differ from the rotation period at the latitude of the flare. The input period
would be either too long or too short, resulting in a poor fit if an otherwise strong rotational
modulation of the flare light curve is present. However, we observed no lag between between
the minima of modulation and the spot induced variability.

7.9.5 Flare footpoints are co-spatial with the loci of magnetic field
emergence

One caveat concerns the interpretation of the flare latitude as the locus of magnetic field
emergence (see Section 7.1, and references therein): We cannot exclude that the region
of white-light emission footpoints could have wandered across the stellar surface in the
time between emergence and flare eruption. The distance between where the magnetic
field concentration is at the time of flux emergence and at the time of white-light emission
will depend on the duration of the build-up phase of the flare, and the conditions of the
sub-surface plasma. Our stars show stable starspot configurations over timescales of multiple
weeks to months which suggests that large scale spot evolution is very slow, but we cannot
exclude more dynamic conditions on smaller scales.

7.10 Results

Polar spots have been observed in fast-rotating young Sun-like stars [Isi+18]. However,
on the present-day Sun, sunspots, and the flares they are associated with, occur in a belt
around the equator, and almost never at latitudes above 30°. We found all our selected flares
at significantly higher latitudes around and above 55°.

We found four candidates with long-duration superflares, and shorter measurable rotation
period P;o: TIC 277 (Sector 12), TIC 449 (Sector 10), TIC 452 (Sector 7), and TIC 237 (Sector
1). They rotate so quickly (Pyot = 2.7 — 8.4 h) that the observed white-light superflares last
longer than a full rotation period on each star. Three of the four stars display strong flux
modulation during the superflare decay in phase with the stellar rotation. This can most
straightforwardly be explained by rotational modulation, with the flaring region rotating in
and out of view on the stellar surface.

In Fig. 7.6 we show all investigated superflare light curves. The shape of the modulation
contains information on the latitude of the flaring region: the combination of flare latitude
and the inclination angle of the stellar rotation axis determine how long a flaring region is
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Figure 7.6: Giant flares on rapidly rotating stars. Each of the subfigures A-D shows one superflare
on a fully-convective fast-rotating star that was visible for more than a full stellar rotation period.
Top panels. Observed flare in the TESS light curve (PDCSAP_FLUX, black dots). Quiescent light curve
fit incorporating long term trends and rotational variability from starspots (orange line). Mid panels.
TESS light curve with rotational variability of the non-flaring photosphere removed (black dots).
Samples from the posterior distribution of the fit to the modulated flare curve (red lines). Samples
from the distribution of underlying flares without rotational modulation (grey lines). Bottom panels.
Residual flux after subtracting rotational modulation and the model fit (black line). Flux uncertainty
(red error bars). The flares in the subfigures A-C show clear modulation in phase with stellar rotation,
while the flares in subfigure D remain nearly unaffected. We also constrain the longitude at which
the flare occurs within a few percent uncertainty, e.g., in subfigure A, the longitude of the flare peak
is about 230°, implying that it must have occurred behind the limb given the high inclination of the
rotation axis.
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Table 7.2: Properties, observations, and best-fitting results for stars with superflares. Stars with two
flares are indexed 1 and 2 for the first and second flare in chronological order. Values in parentheses
are the differences to the 84th (upper) and 16th (lower) percentiles, or else the 1-o uncertainty. SpT:
spectral type. Ks: 2MASS magnitude. d: Gaia distance. P,y: rotation period of the star. vsini:
projected rotation velocity of the star. R./Rq: stellar radius measured in solar radii. i: updated
posterior of the stellar inclination on the informative prior derived from v sin i, Prot and R.. log, Ef:
flare energy released in the TESS band. A: amplitude of the underlying flare as a fraction of quiescent
flux. FWHM; and FWHM,: impulsive and gradual full-width-at-half-maximum flux of the respective
flare phases. 0y: latitude of flaring region on the stellar surface.

TIC 277 TIC 452 TIC 449 (2-flare) TIC 237 (2-flare)
SpT M7 M7 M6 M5
Ks (mag) 9.666 +0.024  10.865+0.021  9.268 + 0.021 10.636 + 0.023
d (pc) 13.70 £ 0.11 22.03 £0.06 11.10 + 0.03 46.01 + 0.14
P (min) 273.618 £ 0.007  254.094 +0.054  162.694 £0.007  506.145 + 0.020
vsini (kms™') 38.6 + 1.0 29.7+£1.5 34.8 + 0.8 144 +26
R./Ro 0.145+0.004  0.137 £0.004 0.142 + 0.004 0.275 £ 0.008
i (deg) 87.0(%29) 92(33) 33.1(%9) 213(+97)
logyy By (erg) | 34473(0%7)  33.531(0%20)  33355(000)  34.500(+00%)
A 261(%5)  0ar(%%) " 0s0(pl) 233(%01)
FWHM,; (min) |  103.5(*7) 21.0(*31) 14.5(7%) 18.2(*09)
FWHM,; (min) | 85.1(*24) 74.8(*%3) 643() 169(48)

+0. +0.

log,o Ef.2 (erg) 31.994 (+6°o?75) 34.670 (@00213)
Ay ' 0.08(_%1) 0.60(_02'_%3)
FWHM,; ; (min) 25.5(*39) 63.0(*53)
FWHM,, (min) 3.9(*5%) 93.6(*29)
O (deg) 80.9("3¢) 63.1(%37) 71.9(*7)) 55.2(%¢))
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Figure 7.7: Loci of giant flares at flare peak time on the stellar surface, the subpanels correspond to
those in Fig. 7.6. Red line: flare latitude. Red spot: active region, shown to scale. Orange dashed line:
maximum typical solar flare latitude (30°). Black star: rotational pole of the star. Grey line: stellar
equator. In sub-panel A, the flaring region is behind the limb. In sub-panels C and D the longitudes
are those of the first flare on each star. TIC 277 (sub-panel A) is observed close to equator-on. For
better visibility, we tilted the rotation axis by 90°. The observer’s line of sight is indicated as black
arrow.

visible as the star rotates. Similarly, unless the star is viewed strictly pole-on, the absence of
flare modulation also contains latitude information, indicating that the flare occurs close
enough to the rotational pole for the modulation to be indistinguishable from the noise, and
that the pole is visible all the time; this is exploited for TIC 237 which displays much more
subtle but still measurable rotational flare modulation.

We found that all four stars displayed their giant flares at high latitudes > 55°. In Table
7.2, we give the results for the marginalized posterior distributions of the model parameters,
and in Fig. 7.7, we illustrate the inferred active regions loci at flare peak time on the stellar
surface. The full posterior distributions can be viewed in detail in Appendix 7.13.3.

7.10.1 Model setups: single and double-flare, original and
increased uncertainty around the flare peaks

The stars TIC 277 and TIC 452 both showed single modulated flares. The flares we detected
on TIC 449 and TIC 237 were complex because they were better fit with a superposition of
two flares than with a single flare (see Section 7.9.3).

TIC 237 displayed two flares in close sequence, both without apparent rotational modula-
tion. We fitted this light curve under the assumption that both flares occurred at the same
location, which is common on the Sun [T6r+11; Uch68; WC06] and proposed for other stars
as well [Giz+17; Vid+16]. TIC 449 displayed excess flux indicating a secondary flare during
the second rotation of the main event that was, however, less clear than in the case of TIC
237. A model with a single underlying flare for TIC 449 is unable to reproduce the shape of
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the light curve through rotational modulation, in particular around the secondary peak. A
model with two co-spatial flare events reproduces the light curve better.

Since flares often display complex evolution in the impulsive phase and the flare peak, we
accommodated possible deviations from the flare template by increasing the uncertainty
to 20 per cent of the excess flux around the peak (above A/2, see Section 7.9.3) for all
flares except for TIC 277 where the flare peak most likely occurred behind the limb, and is
therefore not observed (bottom panels in Fig. 7.6). This is motivated by the fact that our
model is most sensitive to the (absence of) rotational modulation in the gradual decay phase.
Deviations in the short impulsive phase, which our model cannot capture, however, can
cause over-fitting of the template because they are more likely intrinsic to the flare than to
effects of geometrical foreshortening.

We could improve or achieve consistent modelling of the modulated decay phase of the
flare in all cases when we increased the uncertainties. In Appendix 7.13.1, we show the
alternative fits with original uncertainties from the TESS light curves (Fig. 7.11, 7.12 A and
B, 7.13). While we preferred the fits shown in Fig. 7.6, the inferred latitudes were overall
high even in the solutions with higher amplitudes and stronger systematic deviations in
residual flux (> 48°, see Table 7.3).

7.10.2 Star by star: model fits, alternative and disfavoured setups
TIC 277

TIC 277 (WISEA J105515.71-735611.3) is an M7 dwarf 13.7 pc away that rotates with a 4.56
hour period and is seen nearly equator-on. The superflare occurred at 6 = (80.9*92) so
that the flaring region was only briefly hidden from view during each rotation.

The flare peak occurred while the region was facing away from the observer (Fig. 7.6 A)
at phase q5f = 0.64 £ 0.01, and was a clear single flare event, so that we did not fit the model
with alternative setups. Note that the center of the flaring region becomes visible around
¢ ~ 0.70, while other parts of it stay behind the limb longer (at lower latitudes) or shorter
(at higher latitudes).

The uncertainty on 0 is small despite the relatively high uncertainty on inclination (Fig. 7.4).
This is due to the sensitivity of the modulation model to flares that occur simultaneously
close to the observed limb and to the rotational pole (see posterior probability distributions
in Fig. 7.15). For the flare in TIC 277, the flare light curve morphology alone constrains the
latitude to very high values even without knowing the inclination.

One possible caveat is the flare temperature. If the flare is visible throughout almost
the entire rotation, which is the case for TIC 277, i can be considered a lower limit on
0¢, unless the flaring region is very large. The flaring region size depends on the flare
temperature, which we here assumed to be 10,000 K. If T were only 6, 500 K, the observed
flare could be placed at about 70° latitude. However, this temperature would be more typical
for less energetic solar flares [see Appendix in CK20, and references therein] than for stellar
superflares, which are usually hotter (see Section 7.9.1). Similarly, a higher temperature
could place the flaring region even closer to the poles.
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TIC 452

TIC 452 (2MASS J08055713+0417035) is an M7 dwarf that has literature v sini = (29.7 +
1.5) km s7! [Kes+18], and a Gaia DR2 distance of 22 pc. A full rotation period of this
star is 4.22 h, and the rotation axis is viewed at an inclination angle of about 49°. Its
chromospheric activity places TIC 452 among active fast-rotating low-mass stars with
saturated Ha luminosity [New+17]. Both the single flare fit with original (Fig. 7.11) and the
preferred fit with increased uncertainties above A/2 (Fig. 7.6 B) consistently implied a flare
latitude of ~ 63°.

In the remaining two stars, the simple model had to be adjusted to a more complex flare
morphology.

TIC 449

TIC 449 (SCR J0838-5855) is an M6 dwarf 11.1 pc away rotating at P,y = 2.71 h. The flare on
TIC 449 was visible for almost five rotation periods. While the flux appeared modulated,
the flaring region never fully rotated out of view. The light curve strongly suggests the
presence of a secondary flare. However, the burst in the second maximum could also stem
from other complex flaring behaviour in the wake of the large event. We therefore fitted
both a single- and a co-spatial two-flare solution to the light curve with increased and
original uncertainties above A/2 (see Section 7.10.1). The first and second events are indexed
accordingly in Tables 7.2 and 7.3.

The fit with the least systematic residual flux in the important gradual decay phase was
achieved in the two-flare fit with increased peak uncertainties (Fig. 7.6 C) which indicated
that the flares occurred at high latitudes at (72 + 1)°. Because of the contamination by
complex behaviour in the secondary maximum the results of the fits were inconsistent with
each other, but yielded high latitudes regardless: (86 + 1)° for the two-flare fit with original
uncertainties (Fig. 7.12 A), (83 £ 1)° for the single flare fit with original uncertainties (Fig.
7.12 B), and (70 £ 1)° for the single flare with increased uncertainties (Fig. 7.12 C). While a
secondary flare is a likely scenario, other conceivable explanations include a flare region
shape that deviates substantially from our circular simplification, or a cluster of > 2 flares.

TIC 237

Finally, TIC 237 (2MASS J01180670-6258591) was our earliest type star, an M5 dwarf at a
distance of 46 pc with literature v sini = (14.4 + 2.6) km s™! [Kra+14]. TIC 237 is a probable
member of the Tucana-Horologium association [Ujj+20], a young nearby moving group
with age estimates spanning 4 — 45 Myr [BMN15; Kra+14; Ujj+20].

The systematic deviation of the fit with original uncertainties, which implied 9f ~ 48°,
was stronger in the decay phase (Fig. 7.13) than that with increased uncertainties on both
peaks (Fig. 7.6 D), which suggests a flaring region latitude of (55*)°.

In TIC 237, the flare modulation was very subtle yet measurable, in particular, in the
decay phase of the second event. We show a close-up in Fig. 7.8, in which we placed the
flaring region at 25° higher and lower latitudes relative to the best-fit solution, respectively.
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Figure 7.8: Close-up on the second event in the light curve of TIC 237. Upper panel. Grey dots: flare
light curve with rotational variation removed. Red line: best-fit solution (see Table 7.2). Magenta
and blue lines: best-fit solution with FWHM; and A adjusted to match the peak and impulsive decay
phase of the flare while decreasing and increasing the flare latitude 0 by 25°, respectively. Lower
panel: residual flux for the three different models, color-coded as in the upper panel.

The observed modulation appears as an intermediate between stronger modulation at lower
latitudes, and vanishing modulation closer to the pole. We cannot rule out that at least a
fraction of the observed modulation is intrinsic to the flare. If all variation was intrinsic,
the flare would reside on the pole. In a less extreme case, if there was a mixture of intrinsic
variation and rotational modulation that gives the appearance of more rotational modulation
than is actually present, the derived latitude would still be biased to lower values. The
opposite case, where rotational modulation is masked by intrinsic variation, is less likely to
occur: While variation that mimics rotational modulation can manifest as modulation with
many different flare latitudes and longitudes, a variation that masks rotational modulation
has much fewer degrees of freedom. We therefore suggest to give more credence to the
lower error quoted for TIC 237 than the upper error. The same reasoning applies, albeit to a
lesser degree, to the other three flares.

7.11 Discussion

The consistently high latitudes of the superflares studied in this work are significant, even
though the sample size is small. If superflares were uniformly distributed across the stellar
surface, the probability of finding all four superflares above 55° would be about 0.1 per
cent, i.e. very unlikely, provided that our detection method is not biased towards finding
preferentially high latitude flares (Section 7.11.1). If flares occurred at all latitudes 0 equally,
and all inclinations i were equally likely to be observed, purely geometric considerations
imply that as many flares would be observed in the equatorial strip [—26.4°,26.4°] as in the
complementing northern and southern polar caps taken together.

Superflares that last longer than a full rotation period of the star on fully convective M
dwarfs are rare, with about one event per star per 120 years of continuous observation based
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Figure 7.9: Light curves of a subset of 25 simulated multiperiod flares. Setup: Relative amplitude
A = 0.5, FWHM; =FWHM, = 4P, and 2 per cent Gaussian noise on a fictitious star with varying
inclination i and flare latitude 0. Black scatter: recovered events (sub-panels B-X). Red scatter:
missed events (sub-panels A and Y).

on our sample, and distinct from the quasiperiodic pulsations phenomenon (Section 7.11.2).
Yet each event is an opportunity to probe the magnetic nature (Section 7.11.3) and the space
weather conditions (Section 7.11.4) on these cool, ubiquitous stars.

7.11.1 Observing polar vs. equatorial rotationally modulated
superflares

To test if our selection mechanism disfavours equatorial flares, we analysed the recovery
efficiency of our pipeline on a grid of simulated flares that we injected into light curves
with typical noise properties. To produce the synthetic light curves, we used our model
to produce flares on a uniform grid of latitudes 0y and inclinations i. We fixed the stellar
properties and flare FWHM values (FWHM; = FWHM,), and varied the underlying flare
amplitude A and peak time t; to capture the effects of photometric noise levels and the
visibility of the flare peak on the detection probability and recovered properties. We show
an example of 25 flares from this grid of model flares that occur at different combinations of
i and 6 in Fig. 7.9. The majority of flares shown in this example would have been recovered,
except for events that remain attenuated for the entire duration of the event because they
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occurred close the limb (red scatter). These can be both polar flares seen at high inclinations
(Fig. 7.9 A), and equatorial flares seen at very low inclinations (Fig. 7.9 Y). Overall, our
automated flare detection method (Section 7.4) did not show any bias towards polar over
equatorial flare locations.

7.11.2 Quasiperiodic pulsations are ruled out

Rotational modulation is the preferred scenario for our observations because the period of
the modulation matches the rotation period of the star. A different type of flare modulation,
magnetohydrodynamic oscillations of plasma following strong flares, has been seen on
the Sun [Asc+99; Nak+99] and some other stars [Lop+16; Pil+14]. Such quasiperiodic
pulsations have been mainly observed in coronal X-ray emission or in chromospherically
active individual spectral lines [Mit+05; NOO01; Sri+08] with periods ranging from a few
and up to about 20 minutes [[D12]. White-light flare oscillations have been measured in
a number of Sun-like and low-mass stars, but the detected periods were predominantly
between 5 and 45 min, and none exceeded 100 min [Pug+16], remaining shorter than the
shortest modulation period we found. In contrast, the flare modulation we report here is of
the order of several hours, and is observed in white-light.

7.11.3 Stellar dynamos, magnetic field emergence, and polar spots

Large polar spots have long been suspected to exist on fully convective fast rotators, based
on indirect methods such as (Zeeman) Doppler Imaging (DI or ZDI), which map spectral
modulations to stellar surfaces [Bar+17; KBH17; Mor+08b; Mor+10]. Moreover, a number of
simulations predict that strong magnetic fields emerge near the poles in fully convective
fast rotators [Gas+13; WB16; Yad+15].

The body of knowledge on magnetic field configurations of rapidly rotating, fully con-
vective stars is still small, not least because the targets are faint and atomic lines that are
typically employed for these methods in earlier type stars fade out and the spectrum grows
dominated by molecular signatures. However, magnetic fields of up to 7 kG have been
reported from fully convective fast rotators [Shu+17], far above the equipartition values
suggested by solar-type dynamo models [Pev+03]. The average value is about 5 kG as
derived from molecular spectropolarimetry in a sample of nine M1 to M7 dwarfs [AB19].
Among the later M5-M7 dwarfs, cool spots appeared to occupy the majority of the stellar
atmosphere, and at a greater depth than in the earlier types.

In ZDI maps of fully convective dwarfs with spectral types > M4, a wide range of magnetic
filling factors was observed [See+19]. This can be interpreted as manifestation of a bimodal
dynamo with either strong bipolar or weak multipolar fields [Mor+10]. The strong bipolar
branch is associated with fast rotation, a stable spot configuration, and little differential
rotation [Gas+13], suggesting that the stars in our sample belong on this branch, and rotate
as near-solid bodies.

Studies on individual stellar systems indicate the presence of both branches. V374 Peg
(M4V, P,y = 0.446 d [New+16]), showed no dominating polar spot, and weak contrast small
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spots on its surface at most [Mor+08b]. GJ 65 A and B, two rapidly rotating fully convective
dwarfs with similar properties, revealed very different spot configurations [Bar+17]. While
GJ 65 A appeared to have spots in a band around 30 — 40°, but also larger polar spots at
50 — 85°, observations of GJ 65 B are more consistent with extended spots at intermediate
latitudes (50 — 56°) and no spots above 70°. GJ 791.2A (M4.5V, Pt = 0.257 d, [New+16])
showed spots at all latitudes, but circumpolar spots were larger than those closer to the
equator. The spot structure of LP 944-20 (M9V) could be reconstructured with a dominating
large spot at 79°, and marginal detections of smaller spots at lower latitudes [Bar+15].

Finally, [Ber+17] reconstructed a magnetic field loop from giant flare-like bursts of the
fast-rotating (2.84 h, [Hal+08]) M8.5 dwarf [Des+12] LSR J1835+3259, one of which appeared
to be modulated by rotation. Lacking a precise stellar rotation axis inclination, they could
not derive the latitude of the loop’s footpoints. However, they recovered the geometry of
the loops, and found that if the bursting region occupied ~ 3 per cent of the stellar surface
[Hal+15] — comparable to the sizes of flaring regions in our sample — its magnetic field
strength could reach 10 kG.

In this context, our results are further evidence that in fully convective, rapidly rotating
dwarfs, strong magnetic field concentrations may indeed emerge at latitudes that are closer
to the rotational pole than to the equator, where they create active regions that can erupt in
giant flares.

7.11.4 Implications for stellar space weather

Our findings are relevant to exoplanets; several thousand of such planets outside of the
Solar System have been discovered up to now [Per18]. Planets residing in the habitable
zones around their host stars, that is, orbital distances that allow for liquid water on the
planetary surface, are of prime interest. The habitable zone is located close to the host star
in the case of fully convective M dwarfs, enabling efficient detection of temperate planets,
in comparison to more massive host stars. In order to characterize habitability of temperate
planetary surfaces, the longevity and composition of exoplanetary atmospheres needs to be
taken into account.

Numerical simulations have shown that flares and coronal mass ejections, which are
directly associated with flares in the solar case [WH12], can erode or alter exoplanetary
atmospheres, and cause loss of exoplanetary oceans [SBJ16; Til+19]. Our results suggest
that the largest flares on such fully convective stars preferably occur at high latitudes. This
decreases the flare energy that is received at the planetary habitable zone orbit, but will
less affect X-ray and (E)UV emission (Section 7.11.4). Coronal mass ejections are thought
to accompany stellar superflares [Dra+13; Ode+20]. However, in contrast to flares, they
are only indirectly and rarely observed in stars to date [Mos+19]. If they can escape the
strong magnetic field of the star [Alv+18] and propagate at large angles to the planetary
orbital plane they would pose a lesser risk to their planets’ environments than predicted
under the assumption of a Sun-like low latitude distribution ([Til+19], Section 2.4., and our
Section 7.11.4). These considerations assume that the planetary orbital plane and the stellar
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equator are roughly aligned, which is not well understood for late-type systems (Section
7.11.4).

The impact of flares decreases with increasing flaring region latitude

With the present results, we have the opportunity to estimate the relative flux received by
exoplanets, that are potentially hosted by these or similar stars, as a function of flare latitude.
All else equal and assuming spin-orbit alignment, placing the flares in our sample at 45°
or 80° latitude, the optical flux emitted in the direction of a distant observer in the orbital
plane decreases by ~ 30 and ~ 85 per cent compared to the same event located near the
equator. The exception is the first flare in the light curve of TIC 237 that, when placed at 80°,
is visible for a larger fraction of the stellar rotation period due to the relatively large size of
the active region. We show the typical relative attenuation of optical flux as a function of
flare latitude in Fig. 7.10.

This comparison assumes that compact bright kernels in the stellar photosphere contribute
the majority of the blackbody radiation to the flare events. This is true for most solar flares,
but it is possible for superflares with particularly large flare region sizes (% 2.5 per cent of
the total stellar surface) to saturate the density in the flare loop arcades in the gradual decay
phase such that they become optically thick and contribute significantly to, and may even
become the dominant source of, white-light emission [HS18; JKH18]. Flare emission from a
volume with considerable height, as it is proposed by [HS18], instead of a flat slab on the
stellar surface may explain the residual flux in our model fits in the impulsive phase because
geometrical foreshortening cannot be applied to an extended 3D loop. Yet the good overall
agreement between our model and data in the gradual phase suggests that the flat circular
kernel is a satisfactory approximation for the purpose of accurate latitude inference.

However, the more energetic (E)UV and X-ray emission is produced at higher altitudes
on the Sun. Spectropolarimetric observations of a large flare on a late M dwarf suggest a
similar stratification for the stellar case [Ber+17]. Furthermore, stellar coronae are optically
thin, meaning that the X-ray photons originating from them are not subject to the self-
shadowing effects that optical emission experiences near the stellar limb. The X-ray flux
received by the planets may therefore be much less attenuated than the optical continuum
appears in Fig. 7.10. Ultimately, an accurate assessment of flare radiation impact on habitable
zone exoplanets will have to include the combined effects of flaring region location, strong
magnetic fields, high density, and large pressure gradients in the compact atmospheres of
late type stars and brown dwarfs on the 3D emission distribution of superflares.

Coronal mass ejections and energetic particle events

The majority of X-class flares on the Sun are associated with coronal mass ejections
(CMEs, [CRZ17]). A similar correlation is expected for stellar superflares [Ode+20], but
direct CME observations are missing to date [CO18], perhaps due to differences in the
spectral signature between solar and stellar CMEs [Alv+19; Alv+20]. Solar energetic particle
(EP) events typically carry a few percent of the energy of the CME they are associated
with [Asc+17]. Extrapolating the power law relation between X-ray flux and solar EP
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fluence to stellar superflares is poorly constrained so that stellar events may contain one
to five orders of magnitude more energy than the largest EP events on the Sun [Her+19].
If stellar EP events associated with the most powerful flares are ejected from the star at
high latitudes, as suggested by our observed flares, they may typically not collide with an
exoplanet’s atmosphere, rendering their effect on habitability smaller than for equatorial
flares. However, such particles coming from CMEs and EPs might also be deflected towards
the equatorial plane by a strong stellar dipole field [Kay+19]. The impact of particle events
also hinges upon their ability to leave the stellar magnetosphere. In M dwarfs, there is
evidence that CMEs and EPs may be suppressed by the large overarching dipole field that
these stars often possess [Alv+18; Fra+19].

Key uncertainty: Spin-orbit alignment

All of the above assumes that exoplanetary orbital and their host stars’ rotation axes are
aligned. While there is statistical evidence for spin-orbit alignment in Kepler exoplanet
hosts [Maz+15], cases of misaligned systems suggest that alignment is less common than
one would expect from protoplanetary disk formation [Bou+18; Hjo+21; Lou+21; WF15]. For
small planets around M dwarfs, however, only few measurements exist, all of which indicate
spin-orbit alignment [Add+21; Hir+20; Pal+20; Ste+20]. Spin-orbit alignment in low-mass
star systems with Earth-like planets is therefore not yet well understood, which ultimately
limits our ability to assess the influence of flare emission direction on exoplanetary space
weather.

7.12 Summary and conclusions

In a systematic analysis of fully convective stars observed with TESS, we detected four stars
that displayed giant flares which were modulated in brightness by the stars’ rapid rotation.
The exceptional morphology of the modulation allowed us to directly localize these flares
between 55° and 81° latitude on the stellar surface. Our findings are evidence that strong
magnetic fields tend to emerge close to the rotational poles of fast-rotating fully convective
stars, and suggest a reduced impact of these flares on exoplanet habitability.

Our search encompassed the first two years of TESS observations, during which one
hemisphere per year was observed. By summer 2021, TESS will have completed its second
full-sky scan that will give us the opportunity to put the conclusions of this work to test
with more detections of long duration superflares.

The strength of our method lies in its complementarity to spectroscopy and spectropo-
larimetry not only with respect to the type of scientific information used to infer the stars’
magnetic properties, but also regarding the time scales probed. Flares trigger sudden and
drastic changes in the local magnetic field configuration. Space-based time series photometry
can capture its effects with a few minutes or less resolution. In contrast, ground based (Z)DI
reconstructs larger scale changes on time scales of hours and longer.

This work is a step towards understanding spatially constrained flare evolution on stars
other than the Sun. Together with multiwavelength flare studies [Gua+19; Kow+13; Mae+21;
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Figure 7.10: Attenuation of optical continuum emission from a flat flaring region as a function
of flaring region latitude. Relative optical flare energy emitted in the ecliptic plane of a spin-orbit
aligned star-planet system as a function of flare latitudes 0y for a typical superflare (black line).
Colored dots indicate the relative energies at the 07 derived for the stars in this study. The thermal
emission of large flares at high latitudes is significantly attenuated. The grey shaded region indicates
the latitudes of 45 solar active regions that comprised less than 0.5 per cent of all active regions but
produced about half of all X-class flares in solar activity cycles 21-23 [Che+11].
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Nam+20] that provide insight into the propagation of flare events through the stellar atmo-
sphere we may soon see the first fully empirical spatio-temporal flare reconstructions on
low mass stars. Such models would help us understand the so far elusive relation between
stellar flares, coronal mass ejections, and energetic particle events, and better assess the
impact of stellar magnetic activity on the space weather environment of exoplanet systems.
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Table 7.3: Best-fitting results for stars with rotationally modulated superflares that were ruled out
or disfavoured. Description of the table rows is the same as in Table 7.2. "h. u" stands for high
uncertainties around the peak in the single flare fit to TIC 449. In the remaining fits, we kept the
original uncertainties.

TIC 452 TIC 449 TIC 449 (h. u.) TIC 449 (2-flare) TIC 237 (2-flare)
TG TN 32 NS I 31S S I )
log,o Ef1 (erg) | 33.546 (+6°5%%l) 33.364&606%%5) 33.342 (+6°6%%5) 33.342 &606%%6) 34.765(&0'3%%4)
A 0.574(_3_927) 0.324(1%-.%04) 0.629(:00'.3009) 0.319(1%3%04) 3.507(_+%~_ %80)
FWHM;; (min 14.3(* 50.3(*; 0.6(*% 48.4(*0 17.3(*
FWHM, ((min)) 64 zgigf?; 86 4g;?5§; 57 6((_+0‘5-38)) 80 651% ; 16 6%8:%;
log, Ey » (erg) Y L L 32.277(00B)  34.715(+00%0)
(0] er . ' . ’

2 . . ~0.003 . —0.025
FWHM;, (1’1’11.1’1) 42.9(%’21) 58.0(:1'2)
FWHM,,, (min) - " - 16.1 (;%;Oz) 96.1 (;%-_g)
O (deg) 63'4(—3'.5) 83'2(—0'.8) 70'0(—1'.0) 85'8(—110) 48'3(—4'.8)

VizieR?-source=11/246]). CARMENES spectra are publicly available through the CARMENES
data archive (http://carmenes.cab.inta-csic.es/gto/jsp/reinersetal2018.jsp). SpeX Prism Li-
brary is available through http://www.browndwarfs.org/spexprism. Reduced SALT spectra
ara available via Zenodo, under DOI:10.5281/zenodo.4332142. Low-resolution spectra ob-
tained from the FAST spectrogragh at the Fred Lawrence Whipple Observatory (used for
spectral typing of TIC 452) will be made available online through the Dataverse (preparation
of data release in progress, to be completed prior to acceptance). Python code including the
flare modulation model, model fitting scripts, Gaussian Process regression scripts, scripts
that were used to produce the figures and tables in this manuscript is publicly available
through GitHub (https://github.com/ekaterinailin/MalachiteMountains). The code used to
calculate the inclination probability distributions was provided by A. Vanderburg for use in
this work and is available by request to the authors and with permission from A. Vanderburg.

7.13 Appendix

7.13.1 Alternative and disfavoured fits to the light curves

In our analysis we used different model setups to fit the light curves. The results we achieved
using setups that we ruled out or disfavoured are summarized in Table 7.3, and illustrated in
Figs. 7.11 7.12, and 7.13 for TIC 452, TIC 449, and TIC 237, respectively.

7.13.2 Limb darkening

The geometric flare modulation model does not account for limb darkening effects that can
affect the shape of the modulated flare light curve. The effect increases with flare region
size: The larger the fraction of the stellar disk that covered by the flaring region the more
do differences in observed stellar flux across the disk take effect.
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Figure 7.11: TIC 452: Single flare fit with original uncertainties. The fit yields a flare latitude of 63°,
consistent with the fit in Fig. 7.6 B that adopts increased uncertainty on the flare peak.

In Fig. 7.14, we illustrate a scenario that represents the flare with the largest flaring region
in our sample (first flare on TIC 237), which is comparable to some of the largest region
sizes derived for flares on fully convective dwarfs in the literature [Sch+14b; Xin+21]. The
effect is negligible compared to the noise in the light curves in our sample.

7.13.3 MCMC model fits

In Figs. 7.15-7.18, we show the posterior distributions for the MCMC fits with the best-fit
results quoted in Table 7.2. The upper left density plot in each figure shows the partial
degeneracy between 67 and i, which is best seen in TIC 277 (Fig. 7.15), where the empirical
prior for i was non-Gaussian. In the distributions for TIC 277, TIC 449, and TIC 237, there
are some correlations worth noting:

The flare parameters A;, FWHM, ;, and FWHM; of the first event in TIC 449 (Fig. 7.17)
are sensitive to the uncertainty on the flare peak time ¢y, but the flare latitude is not affected.
The tail in the distribution of FWHM,, suggests that the secondary flare could be fit with a
single exponential in the decay phase.

In TIC 277, inclination and flare amplitude are correlated. Higher inclination implies
stronger geometrical foreshortening. The distribution suggests that there are three particu-
larly favorable solutions, depending on A, which seems counterintuitive at first. But since
higher A implies a larger flaring region, we can interpret the solutions as combinations
of different flare region sizes viewed at certain inclinations near the pole that result in
comparable light curve morphologies.

Finally, in TIC 237, Gf has a tail towards lower latitudes that correlates with higher flare
amplitudes A; and A,. However, as we can see in Fig. 7.8, rotational modulation in the decay
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Figure 7.12: Alternative and ruled out fits to the long-duration flare on TIC 449. A: two-flare fit
with original uncertainties. The rotational modulation in the decay phase is underestimated, leading
to an overestimated flare latitude of ~ 86°. B: single flare fit with original uncertainties. This solution
did not capture the secondary peak, or the degree of modulation in the decay phase. Solutions A and
B were ruled out. C: single flare fit with increased uncertainties. Relaxing the constraints posed by
the impulsive flare peak led to an improved fit of the secondary peak and the decay phase over the
solution in B. The fit suggests 0 ~ 70°, ~ 2° lower than our preferred estimate (Fig. 7.6 C).
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Figure 7.13: TIC 237: two-flare fit with original uncertainties. The decay phase of the second long
duration flare is not well represented by the best fit solution, suggesting a rotational modulation that
is too strong. This leads to an underestimated flare latitude of 48°. This solution was ruled out.
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Figure 7.14: Linear limb darkening applied to an exponential decay of a large (angular radius
of 30°) flaring region that moves across the equator from the line of sight to and over the limb.
Grey dashed line: unmodulated exponential flare decay with an e-folding time scale equal to one
full stellar rotation. Red line: geometric foreshortening applied to the unmodulated flare. Black
area: Geometric foreshortening and linear limb darkening applied to unmodulated flare with limb

darkening coefficients between

0.5 and 1.5.
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phase of the event would become more and more pronounced with decreasing latitude,
thereby breaking the partial degeneracy in A, Az and 0f.
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Figure 7.15: MCMC posterior distributions (density plots) and marginalized distributions (his-
tograms) for the flare fit to the light curve of TIC 277 in Fig. 7.6 A.
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Figure 7.16: MCMC posterior distributions (density plots) and marginalized distributions (his-
tograms) for the flare fit to the light curve of TIC 452 in Fig. 7.6 B.
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Figure 7.17: MCMC posterior distributions (density plots) and marginalized distributions (his-
tograms) for the flare fit to the light curve of TIC 449 in Fig. 7.6 C.
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Figure 7.18: MCMC posterior distributions (density plots) and marginalized distributions (his-
tograms) for the flare fit to the light curve of TIC 237 in Fig. 7.6 D.
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Abstract

Planets that closely orbit magnetically active stars are thought to be able to interact with
their magnetic fields in a way that modulates stellar activity. This modulation in phase with
the planetary orbit, such as enhanced X-ray activity, chromospheric spots, radio emission,
or flares, is considered the clearest sign of magnetic star-planet interaction (SPI). However,
the magnitude of this interaction is poorly constrained, and the intermittent nature of the
interaction is a challenge for observers. AU Mic is an early M dwarf, and the most actively
flaring planet host detected to date. Its innermost companion, AU Mic b, is a promising
target for magnetic SPI observations. We used optical light curves of AU Mic obtained by
the Transiting Exoplanet Survey Satellite to search for signs of flaring SPI with AU Mic b
using a customized Anderson-Darling test. In the about 50 days of observations, the flare
distributions with orbital, rotational, and synodic periods were generally consistent with
intrinsic stellar flaring. We found the strongest deviation (p = 0.07, n = 71) from intrinsic
flaring with the orbital period of AU Mic b, in the high energy half of our sample (ED > 15).
If it reflects the true SPI signal from AU Mic b, extending the observing time by a factor of
2 — 3 will yield a > 30 detection. Continued monitoring of AU Mic may therefore reveal
flaring SPI with orbital phase, while rotational modulation will smear out due to the star’s
strong differential rotation.

8.1 Introduction

Flares are electromagnetic explosions in the stellar corona that are driven by the dynamics
of the surface magnetic fields [BG10]. They can be triggered intrinsically by the star in
isolation, but also by magnetic star-planet interaction (SPI). In SPI flares, the event is induced
by the re-connection of stellar and planetary magnetic field lines [FS19; Lan18; Sau+13]. For
this to occur, the planet must revolve around the star in close orbit, so that it moves within
the stellar Alfvén zone for at least a fraction of its orbit. When the planet is within the
Alfvén zone, the magnetic field and the energy transported along the field lines as particles
or waves can fall back on to the star, whereas outside of it it would be carried away by the
stellar wind pressure.
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Several studies of individual systems with close-in and eccentric Hot Jupiters report
excess flaring in phase with the planet or close to periastron [Mag+15; Pil+11; Shk+05], but
in light of many non-detections of excess flares in similar systems [Fig+16; FS19], flaring
SPI remains an elusive phenomenon. One interpretation is that the interaction is so weak
and intermittent that the system has to be observed for many orbits of the interacting
planet before SPI flares become measurable against the background of intrinsic, stochastic
flares [Lan09; Sau+13; Shk+08; Str+15].

Recently, AU Mic, an M0-M1 [Gai+14; PM13] pre-main sequence dwarf star, and a member
of the f Pic young moving group, which is 16 — 29 Myr old [BJ14; BJ16; BMN15; Mal+14;
MB14; Mir+20; Shk+17], was discovered to be a favorable candidate for magnetic star-planet
interactions [Kav+21]. The system hosts two planets in close orbits near a 2:1 mean-motion
resonance, AU Mic b and AU Mic ¢ [Mar+21; Pla+20], with masses M}, = 11.7 + 5.0Mg and
M, =22.2+6.7Mg [Zic+22]. Several papers reported system parameters of AU Mic based on
photometry from the Transiting Exoplanet Survey Satellite (TESS, [Ric+15]), the CHEOPS
mission [Ben+21b], and HARPS [May+03] spectroscopy [Cal+21a; Gil+22; Pla+20; Zic+22],
which are mutually compatible within uncertainties. In this work, we use the determinations
by [Gil+22], who based their analysis on the complete TESS photometry.

AU Mic rotates at a 4.85 + 0.03 d period [Gil+22], showing strong solar-like differential
rotation, a strong, mostly poloidal large-scale magnetic field of > 400 G, and several activity
indicators that vary in phase with the star’s latitude-dependent rotation periods [Kle+21].
Optical light curves obtained by TESS confirm previous observations [KDL99; Red+02;
Rob+01] that AU Mic is actively flaring [Mar+21].

AU Mic b is a Neptune-sized planet (R, = 4.19 + 0.24Rg, [Gil+22]) that was first discovered
using TESS photometry [Pla+20] with an orbital period of P,,, ~ 8.46 d [Gil+22]. The system
shows strong transit timing variations, but the mean orbital period is consistent with the
instantaneous P,,, [Sza+22] for the purpose of this study. [Kav+21] predict magnetic SPI
with AU Mic b to be observable in the radio regime, a signal indicative of a phenomenon
similar to the planet-moon interaction observed within the Jupiter-Io system [Sau+13].
[Kav+21] found that, based on reconstructions of AU Mic’s magnetic field and mass loss
rate, AU Mic b could reside in the sub-Alfvénic regime. If this is true, flaring SPI is also
possible [Lan18]; a recent study even claimed to have visually identified hints of such an
interaction in TESS data [CPM22]. In fact, AU Mic is the most actively flaring star among
all currently known exoplanet hosts (Ilin et al. in prep.), implying that the footpoint of
interaction may frequently pass regions where high magnetic tension has built up, and
therefore trigger flares more easily than in other star-planet systems.

Two further reasons favor AU Mic in the search for flaring SPI: First, AU Mic b’s orbit is
not synchronized with the stellar rotation, so that confusion with rotational modulation
of intrinsic flaring activity is unlikely. Second, the system is observed equator-on. The
footpoint of interaction would therefore move in and out view of the observer regardless of
its latitude on the star.

When observational biases are taken into account, the absence of flaring SPI signal can
be informative, too. It favors models with strong stellar winds that produce a small Alfvén
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zone [Kav+21]; weak planetary magnetic fields, and steady energy transfer channels between
planet and star rather than eruptive, flaring ones (see Section 8.4).

In this work, we searched the TESS light curves of AU Mic for statistically reliable signs
of flaring SPI. We present our light curve de-trending and flare finding method in Section
8.2.2, and the resulting flare catalog in Section 8.2.2. In Section 8.3, we show how we can
combine flare samples from general time series measurements into a homogeneous data set,
and apply this method to test whether flaring SPI signal is present in the TESS observations.
The main result is shown in Table 8.2. We discuss our results and present our conclusions in
Sections 8.4 and 8.5.

8.2 Data

8.2.1 TESS photometry

The Transiting Exoplanet Survey Satellite (TESS, [Ric+15]) is an all-sky mission that began
operations in 2018, and completed its first full sky scan in April 2020. It is still observing at
the time of writing, collecting nearly continuous photometric times series in the 600-1000
nm band for ~ 27 d in each observing Sector. Light curves of 232 763 stars observed in 2 min
cadence in the first two years of operations (Sectors 1 to 26) are currently available on the
Mikulski Archive for Space Telescopes''. From Sector 27 on, 1000 targets were observed at
even higher 20 s cadence each Sector. AU Mic was observed in Sector 1 at a 2 min cadence,
and in Sector 27 at a 20 s cadence. The light curves reveal strong rotational variability from
starspots, vigorous flaring, and transits of two planets, AU Mic b and ¢ [Mar+21; Pla+20].

8.2.2 Light curve de-trending and flare finding

Stellar light curves are time series of flux measurements that vary due to both astrophysical
and instrumental effects. Flares are only one of many phenomena like spot variability,
transits, eclipses, bursts and dips that can be detected in the data. Accurate automated
flare detection algorithms are still challenging to design [Vid+21], not least due to this
intrinsically heterogeneous morphology of light curves. We applied an iterative three-step
algorithm to remove all but the variations caused by flares, and derived a realistic noise
estimate (Section 8.2.2). We then used a o-clipping procedure to mark flare candidates
and calculate their properties (Section 8.2.2). The resulting flare catalog is presented in
Section 8.2.2.

De-trending

Typical flare times range from a few minutes to a few hours, and rarely exceed one day in
duration. Most stellar variability occurs on longer time scales, except for ultrafast rotational
variability in some stars [Ili+21b]. The light curve de-trending presented here was imple-
mented with a broad spectrum of Kepler [Bor+10] and TESS light curve types in mind. Our

11 as of Mar 16, 2022

Section
8.2

113



Chapter 8

114

Searching for flaring star-planet interactions in AU Mic TESS observations

method consists of three steps, each of which removed variability on decreasing time scales
while preserving the flare signal:

1. We fit and subtract a third order spline function that goes through the start and end of
any light curve portion that has no gaps longer than 2 h, and through an averaged flux
point every 6 h in between'”. This step removes long term trends as well as starspot
variability on time scales of several days. If the light curve portion is shorter than 5 d,
this step is skipped.

2. We iteratively remove strong periodic signal on time scales between 2 h and 5 d
from the light curve. Each iteration first masks outlier points using a padded sigma-
clipping procedure. For this step, single outliers above 3.5¢0 are masked as pure outliers.
Series of n > 1 data points above 3.5¢ are masked as flare candidates, and padded
with rounded /n masked points before the outliers to capture slow rise phases, and
rounded 2+/n after the series to capture a potential extended decay phase that flares
often display. Then we calculate a Lomb-Scargle periodogram [Lom76; Sca82] for the
light curve, and perform a least-square fit with a cosine function using the dominant
frequency in the periodogram as a starting point. The cosine fit is then subtracted
from the light curve. We iterate five times or until the dominant peak’s signal-to-noise
ratio drops below 1.

3. Finally, we again apply the padded outlier clipping, and smooth any remaining vari-
ability that is not sinusoidal, first with a 6 h and then with a 3 h window 3rd order
Savitzky-Golay [SG64] filter implemented in 1ightkurve as LightCurve.flatten.

These three steps can sometimes miss the very edges of the light curve, leaving small
exponential drops or rises in the flux that affect the quiescent flux level calculation and/or
produce false positive flare detections. If the first or the last data point is a 1o outlier in the
de-trended light curve, we fit an exponential growth or decay function to these fringes.

Finally we estimate the noise in the de-trended light curve using a rolling standard
deviation with a 2 h window after padding outliers in the aforementioned way, but now
above 1.50'°. We interpolated the masked outliers to arrive at a noise in the flare regions
that is informed by the flux uncertainty in an adjacent light curve portion.

The result for the light curve in Sector 1 is shown in Fig. 8.1. This method is based on
AltaiPony [Ili21], an open-source Python toolkit for flare-focused light curve analysis of
Kepler and TESS data, and was inspired by the iterative approach in [Dav16], who searched
the entire Kepler catalog for flares. We tested this method on a variety of synthetic and real
light curves in the TESS and Kepler archives, so that it can be applied to a larger sample.
We provide the de-trending module and an example script for the use of this method with
TESS short cadence light curves in this project’s Github repository'*.

12 30 h for stars less active than AU Mic
13 2.50 for stars less active than AU Mic
14 https://github.com/ekaterinailin/flaring-spi/tree/master/notebooks, accessed June 4, 2022
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Table 8.1: Confirmed flare events in the TESS light curves of AU Mic, sorted by orbital phase of AU
Mic b. The remainder of the table is available in electronic form.

Sec. | ts [BTJD] tr [BTJD] orb. phase a ED [s]

27 2058.2378  2058.2526 0.001 0.007 3.48 £0.04
27 2058.2584  2058.2593 0.004 0.002 0.10+0.01
27 2041.3551 2041.3572 0.006 0.002 0.23 £0.02
1 1330.4514 1330.4709 0.007 0.003 1.65+0.03
27 2041.3690 2041.3734 0.008 0.003 0.70 £ 0.03
27 2041.6186  2041.6202 0.038 0.002 0.15+0.02
27 2050.1252  2050.1259 0.043 0.003 0.10+£0.01
27 2050.1724  2050.1731 0.048 0.001 0.07 £0.01
1 1330.8028  1330.8250 0.049 0.002 1.72 £ 0.06
27 2058.7093  2058.7148 0.057 0.004 0.74 £0.03

Flare finding

We searched the de-trended light curves for flare candidates. For each light curve, we first
find an iterative median, and then apply the threshold method introduced by [CBH15]

that requires three consecutive positive outliers 30 above median for a candidate detection.

To these data points we then add subsequent data points until one of them falls below a

20 above median threshold to avoid cutting off detectable parts of the flare decay phase.

This series of data points is then flagged as a flare candidate. For each flare, the pipeline
returns the flare start and end points, duration, amplitude, and equivalent duration (ED)
with uncertainties. The ED is the integrated flare flux Fy4., divided by the median quiescent
flux Fy of the star, integrated over the flare duration [Ger72]:

Friare(t
ED:/dtﬂ—(). (8.1)
Fy

We tested our flare-finding procedure on a range of both real and synthetic light curves
that covers several typically observed spot-induced variability signal patterns, and that
contains flare signatures between ones that barely exceed the detection threshold to the
largest flares we typically observe. Since the light curve of AU Mic shows variability not only
with rotation but also on shorter time scales comparable to those of flares, we confirmed
all flare candidates by eye. In cases where the flare shape was not well captured by the
algorithm, we manually corrected the flare duration by adding or subtracting data points
to or from the detection. We treated the transit light curves of AU Mic b and ¢ manually,
too. Spot occultations by the transiting planet and small flares have similar shapes and time
scales, so that we picked flares that occurred within transits directly by eye on a case by
case basis.

Flare catalog

We confirmed 75 flares in Sector 1, and 114 flares in Sector 27 (see bottom panels in Fig. 8.1
for examples). We found more flares in Sector 27 because its six times higher observing
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Figure 8.1: Subset of flares detected in the TESS light curve of AU Mic, Sector 1. Top panel:
PDCSAP_FLUX light curve. Second panel from the top: De-trended light curve. Third panel from the
top: section from the PDCSAP_FLUX (black) and de-trended (red) light curve. Two bottom panels:
de-trended light curves of flares confirmed in the panel above. The red dots indicate the data points
that mark the flares.
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Figure 8.2: Cumulative flare frequency distributions (FFDs) obtained from the two TESS light curves
of AU Mic. Erggs is the flare energy emitted in the TESS band.
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Figure 8.3: Cumulative distribution of the full sample of flares with orbital phase of AU Mic b
(Sectors 1 and 27, green crosses). Phase 0 indicates the planet’s transit mid-time. The underlying
distribution is uniform (grey dotted line). In the data, however, it is modulated by gaps in the phase
coverage and the different detection thresholds of the two light curves. The modulated distribution
(blue line) is used as null hypothesis in the A-D test.

cadence lowers the detection threshold, which can be seen in the cumulative flare frequency
distributions for both Sectors (Fig. 8.2). Overall, we confirmed fewer flares than reported
by [Mar+21] who found 162 and 157 flares in Sector 1 and 27, respectively. However, we
confirmed almost twice as many flares as [Gil+22]. We attribute these differences to the
respective detection methods. [Mar+21] flagged single 2.5¢ outliers as candidates, while
we required three consecutive data points 30 above the noise. [Gil+22] used a Bayesian
template comparison method to detect probable candidates, which slides a Gaussian rise
and exponential decay flare template over the data, and returns the probability of belonging
to a flare for each data point. Therefore, their method selects flares that fit the template
even if they are small, while our method is more senstive to flares that do not conform to
the classical shape but misses flares that don’t pass the sigma threshold. Table 8.1 lists the
confirmed flare events with their respective start and finish times #; and ¢y, orbital phase of
AU Mic b at t;, amplitude a and ED.

8.3 Flare rate variation with rotational, orbital, and
synodic phases

In analogy to solar flares, stellar flares are thought to occur in the vicinity of active regions
on the stellar surface, where magnetic field lines emerge, and magnetic energy can accu-
mulate. AU Mic is a young, extremely active flaring star that is covered with large active
regions [KR20; LW94; Pla+20], and possibly a multitude of magnetic loops across the entire
corona [CWM13].

Flares on early M dwarfs tend to occur randomly in the various active regions which
cover the stellar surface [Doy+18; Doy+19]. A variation of flaring rate with stellar rotational
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Table 8.2: Median p-values of the custom A-D tests for the orbital, rotational and synodic periods
of AU Mic (and AU Mic b) calculated using 20 different start phases. Smallest p-value is boldfaced.
There is no significant deviation from uniform flaring in time with either of the periods. n: number
of flares in sample.

p(Porb) P(Prot) p(Psyn)

Sec.  sample n

both ED>1s 71 0.07 0.79 0.37
ED <1s 118 0.52 0.78 0.75
total 189 0.21 0.57 0.43

1 ED>1s 38 0.27 0.71 0.48
ED <1s 37 0.56 0.63 0.44
total 75 0.20 0.64 0.71

27 ED>1s 33 0.44 0.11 0.48
ED <1s 81 0.52 0.53 0.68
total 114 0.53 0.24 0.68

phase can be caused by an extremely active region that rotates in and out of view of the
observer. A very inactive region that suppresses flaring compared to the rest of the stellar
surface is also conceivable, for instance in a region wherein the magnetic field is strong
enough to sufficiently suppress convection that is required to produce flares. In both cases,
flare rates would be elevated or decreased for a fixed fraction of the rotation period, which
depends on the inclination of the star and the latitude of the active region. This signal is
then smeared out by differential rotation [HL21]. Notably, a non-uniform rotational phase
distribution of flares involves only the star.

When a magnetized planet that orbits inside the Alfvén surface of the star comes into play,
it can introduce a deviation from a uniform flare distribution in time via magnetic star-planet
interaction. The magnetic field lines that connect the star’s to the planet’s magnetic field
channel energy from the planet to the star, that is then dissipated via flares. The footpoint of
the connection field lines move across the stellar surface as the planet orbits the star. If the
stellar properties at the location of these footpoints are negligible or sufficiently uniform
not to affect the interaction, excess flares can be observed whenever the footpoint is in view,
in phase with the orbital period P,,;. If, however, the stellar properties at the footpoint’s
location matter, this occurrence of excess flares will be modulated with the stellar rotation
period P,,;. Then the relevant period is the synodic period Py, [FS19], with

1 1|

Poyn = |—
yn
Prot Porb

(8.2)

In summary, if an inhomogeneous distribution of active regions on the stellar surface, or
the interaction of AU Mic with the innermost planet takes place, triggering flares in the ob-
servable regime, the flaring rates in phase with P,o;, P, or Py, will deviate from a uniform
distribution. Our null hypothesis is that no rotational, orbital, or synodic dependence is
present. We test if we have to reject this hypothesis using a customized Anderson-Darling
test (A-D test, [AD52; Ste74]), a non-parametric goodness-of-fit test suited for continuous
variables, such a flare frequencies. The A-D test is more sensitive to the ends of the distribu-
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tion, i.e. phases near 0 or 1, than the more widely used Kolmogorov-Smirnov [Kol33; Smi48]
test. Since the starting phase should ideally not affect the outcome of the test, we choose
the A-D test.

With this method we can analyse N light curves that cover observing periods that do not
overlap (to avoid double counting of flares), and each of which has the same flare detection
threshold throughout the observing time of the light curve. It is permissible, however, that
this threshold varies from light curve to light curve, as is the case in our data set for AU Mic.

After having searched all light curves for flares (see Section 8.2.2), we calculate the
deviation from a uniform underlying flare rate distribution with orbital, rotational, and
synodic phase each using a customized A-D test in six steps:

1. Calculate ¢, the expected frequency distribution of flares per phase (expected distribu-
tion for short), using all valid data points in the de-trended light curves, taking into
account the different observing cadences, and detection thresholds.

2. Sample N flare occurrence phases x; with i € [1, N] from the expected distribution
¢ to get a distribution of flare phases, where N is the total number of flares in the
data. This step generates a list of flares that are uniformly distributed across all
phases, modulated only by the phase coverage of the observations, and the detection
thresholds of the light curves. This list is a sample from the expected distribution we
test against (see Fig. 8.3).

3. Repeat the previous step to obtain a large number of samples, and calculate the
A-D statistic A® for each of them using the cumulative form ¢(x;) of the expected
distribution, where the x; are sorted in ascending order.

N .
At =N = 3 2 (log(d () +log(1 = d w0 (8:3)

i=1

In this study, we generated 10 000 samples for each test. We also varied the start phase
of the distribution between 0 and 1 with a step size of 0.05. While the A-D test is
less sensitive to the start phase than the K-S test, we still observed a scatter in the
outcomes of the tests. We accounted for this by calculating the median of all start
phase varied test results.

4. Take all N flare occurrence times from the TESS data, and derive their phases x; yps
with i € [1, N].

5. Sort all x; 055 by phase in ascending order using the same start phase as the expected
distribution.

6. Finally, compare the Azbs value of the observed distribution of flare phases against
the expected distribution of A%, and calculate the significance level (p-value) of the
difference.
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The p-values for the A-D test obtained from the above procedure are shown in Table 8.2.
No choice of Sector, energy split, or period resulted in a consistently significant deviation
from uniform flaring in time. The strongest deviation from uniformity, a ~ 1.50 detection
(p = 0.07, n = 71), is seen with P,,; in the flares whose energy exceeds ED = 1s, that
is, approximately 2.3 - 103! erg in the TESS band. The p-values in this subsample were
consistently < 0.175 at all 20 start phases, which is not the case for any other subsample in
Table 8.2.

The observed distribution of flares does not deviate significantly from a uniform distribu-
tion of flares with orbital or synodic period. [HL21] detected flaring periodicity in 3 out of
284 late K and M dwarfs observed with TESS, and concluded that it may be rare, difficult to
detect, or both.

Because AU Mic is seen nearly equator-on, the non-detection with P,,; implies a uniform
distribution of flares with stellar longitude. The spot structure evolved between Sector 1
and 27 [Mar+21], but during each Sector spot patterns were stable over several rotation
periods of the star [Sza+21]. However, considering each Sector separately does not reveal a
significant deviation from uniform flaring with longitude. This observation is consistent
with most M dwarfs that were searched for rotational periodicity [Doy+18; Doy+19].

We also applied the above method to test for active longitudes excited by the close 4:7
Pyot:Pyrp commensurability [Cal+21a; Sza+21] of AU Mic and AU Mic b. The excitation
of resonant oscillations in the stellar magnetic field of close-in star-planet systems was
predicted by [Lan22]. We found no significant deviation from uniformity with the resonance
period P,.;/4. However, for the AU Mic system specifically, [Lan22] estimate that this
excitation will not occur due to the planet’s relatively large distance from its host, consistent
with our result.

8.4 Discussion

If the tentative signal with orbital phase (p = 0.07, n = 71) truly stems from flaring SPI with
AU Mic b, we can estimate the required observing time to confirm the detection. In our
estimate, we doubled and tripled the sample by introducing one and two additional flares
between each pair (x;, x;41), i € [1, N], of real flares, placing them at equal distance from
each other and smearing out the exact occurrence phase with a Gaussian with a standard
deviation of (xj41 —x;)/2 and (x;4+1 — x;) /3, respectively. We executed the A-D test procedure
from Section 8.3 on the new 2N sized flare distribution, sampling 2 - 10° and 3 - 10° A? values
for each start phase, instead of 104, to obtain the critical values in the high significance tail of
the A? distribution. Assuming that the structure of the phase distribution remains the same
over time, doubling the sample size yields p = 0.003; tripling yields p ~ 0.0008. Therefore,
since the deviation was found in the higher energy flares in our sample, monitoring AU Mic
for another 50 — 100 d with instruments with the same or somewhat lower photometeric
precision and observing cadence as TESS may suffice to detect flaring SPI in this system
with > 30 significance.

If the signal is a fluke in the data, the observed absence of flaring SPI signal can be
explained in two ways — observational biases that impede detection, and physical reasons
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Figure 8.4: Number of flares produced by a single flaring region on the stellar surface at different
phases of the region. The flares become visible (light blue area) when the region comes into view.
However, they are not observable because the amplitude is geometrically foreshortened when the
region is close to the limb. When the region approaches the center of the stellar disk, the flares’
amplitude exceeds the detection threshold so that they can be observed (dark blue area). The phase
can be the stellar rotation phase, the orbital phase of the planet, or the synodic phase of the star-planet
system.

that prevent flaring SPI to occur in the first place. We consider three physical explanations
first.

A first physical reason could be the unknown magnetic field of AU Mic b. It is possible
that AU Mic b has no magnetic field that can interact with the stellar magnetic field to
trigger flares [Lan18]. A magnetic dynamo driven by convective motion of conductive fluids
in the interior of the rotating planet is the most efficient mechanism to produce the magnetic
field strengths observed in Solar System planets. At the same time, planetary magnetic
fields in the Solar System are diverse, which is thought to depend heavily on the internal
structure and composition of the planet [Jon11; Ste03]. Only a few indirect measurements
of exoplanet magnetic fields exist to date (e.g., [Ben+21a; Cau+19]). Therefore, it is difficult
to predict the presence or the strength of AU Mic b’s field based solely on mass and radius
estimates.

Second, AU Mic b’s orbit could be outside the Alfvén zone of AU Mic, either constantly or
temporarily. Although the star has a strong magnetic field, a high mass loss rate may pull
the Alfvén surface closer to the star [Kav+21], so that no energy can be channelled from
the planet to the star. Following [Kav+21], the absence of SPI would suggest that the mass
loss rate of AU Mic was closer to 1000Mg, than to 10M. This situation may change with
evolving stellar cycle. [Iba+19] report a 5-year chromospheric activity cycle in AU Mic, but
it is not clear how it affects mass loss.

Third, instead of via flares, energy may be transferred between planet and star grad-
ually. [Shk+05; SWB03], and [Shk+08] observed evidence of chromospheric hot spots in
several systems with close Hot Jupiter companions that could partially be explained in terms
of magnetic SPI [Coh+11; Lan12]. It is not clear if flares and hot spots could be effects of the
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same SPI reconnection event or instead represent separate channels. The chromospheric ob-
servations in Shkolnik et al. did not provide the observing cadence required to conclusively
detect or exclude coincident flares in excess of intrinsic flaring activity.

Observational biases can also prevent the detection of flaring SPI. We discuss four possible
biases here, all of which can be interpreted within Fig. 8.4:

First, the effect might simply be too weak. SPI flares may be triggered rarely, with only a
handful of flares in our sample, which are not detectable with sufficient significance. This
corresponds to fewer dots per area, i.e. flares per time, in Fig. 8.4.

Second, we may be looking into the wrong flare energy regime. Flaring SPI may manifest
at low energies < 10°° erg, i.e. below the detection threshold (no dark blue area in Fig. 8.4).
If, on the contrary, SPI flares are triggered at very high energies, they may, again, occur too
rarely to be observed within the given monitoring time.

Third, flaring activity could be elevated through flaring SPI, but manifest as excess flares
across all longitudes. While the mechanism of flaring SPI is not well understood, we can
imagine circumstances that create a large or spread-out SPI-induced flaring region, which
would always be in view. Flaring region sizes increase with flare energy for intrinsic
flares [How+20; Not+19; STZ00]. It is therefore conceivable that extreme amounts of
released energy during SPI might manifest in large flaring regions. Another scenario is
efficient transport of the released energy or the magnetic field perturbation within the stellar
magnetosphere before erupting in a flare. This could result in a broad range of longitudes at
which SPI flares occur. Alternatively, the magnetic field lines connecting planet and star
could be arranged such that the locations they map to on the stellar surface are distributed
in a broad longitudinal range.

Finally, flares triggered by the interaction might be frequent enough and have sufficiently
high amplitudes to be detected if the flaring region was located close to the equator. Yet if
the region was at high latitudes, flares would always appear geometrically foreshortened,
and remain below the detection threshold.

However, if the tentative 1.50 signal in the ED > 1s flares (Table 8.2) indeed stems
from flaring SPI, we may be limited mostly by the first observational bias, i.e., insufficient
observing time. In this case, the flares triggered by the interaction are well above the
detection threshold of TESS.

8.5 Summary and conclusions

Since SPI flares are expected to be morphologically identical to intrinsic stellar flares, a
statistically significant orbital phase dependence of flaring behaviour is the closest we can
currently get to detecting the effect directly. Using high cadence TESS observations of AU
Mic, an early M dwarf with a close-in planet detected in 2020, we did not find any sign of
flaring SPL

The strength of the interaction is difficult to constrain in theory [Str+19], and multiple
physical models of flaring SPI co-exist [Lan18; Sau+13]. Moreover, the orbit of AU Mic b is
not yet synchronized with the stellar rotation period which may additionally lead to tidal
interaction [CSMO00]. Although AU Mic shows the largest number of flares detected among



Summary and conclusions

all exoplanet hosts found by Kepler and TESS to date, we conclude that most of them are
manifestations of intrinsic stellar activity:.

We do not rule out that, as time series observations of AU Mic accumulate with TESS,
and soon PLATO [Rau+14], SPI-triggered flares can be detected with high significance. We
found the strongest deviation (p = 0.07, n = 71) from intrinsic flaring with the orbital period
Py of AU Mic b, in the high energy half of our flare sample (ED > 1s). We estimate that
extending the observing time by a factor of 2 — 3 will yield a > 3¢ detection, if the temporal
structure of the signal is preserved over time. We argue that long gaps on time scales of
months to years betweeen consecutive light curves will average out rotational variability
signal as the spot structure evolves, but will leave a P,,,-dependent SPI signal intact. In
contrast, a persisting absence of flaring SPI would support models that favor an Alfvén zone
inside AU Mic b’s orbit; strong winds; weak planetary magnetic fields; or a more gradual
energy transfer between planet and host.

In an upcoming study, we will apply the methods of flare finding and orbital phase analysis
presented here to a large sample of star-planet systems with known close-in planets. This
will increase the total number of orbits covered, and probe the effects of orbital distance and
star-planet mass ratio on the presence and intensity of flaring SPIL
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Summary

Flares are unmistakeable signs of stellar
magnetic activity, and a key to our un-
derstanding of stellar properties and evo-
lution. They are violent explosions that
penetrate all layers of a star’s atmosphere,
and enhance its overall brightness by up
to orders of magnitude within minutes.
We observe flares as distinct signatures in
time series of stellar photometric obser-
vations that we call light curves. Flaring
rates and energies provide unique insights
into the nature of the stars that produce
them.

Space missions like Kepler [Koc+10],
K2 [How+14], and TESS [Ric+15] have col- Figure 9.1: Official AltaiPony logo. Credit:
lected light curves of tens of thousands of ~ Elizaveta Ilin.
flaring stars, for time spans ranging from
several weeks to multiple years. As TESS
continues to gather high-cadence data, we developed AltaiPony to aid astronomers who
require accurately characterized flare samples for their research. AltaiPony is a toolbox
for statistical flares studies on photometric time series from these missions, including flare
search and characterization, a framework to determine the algorithm’s efficiency, and sta-
tistical analysis of flaring rates along with extensive documentation and Jupyter-based
tutorials.

9.1 Functionality

AltaiPony is based on lightkurve [Lig+18], and can access most methods that are
implemented in it, which makes it an accessible tool for new users who are already familiar
with the software. 1ightkurve is a versatile Python package for light curve handling that
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includes visualization, basic tools for de-trending, transit detection, and asteroseismology.
It is the most widely used software for handling Kepler, K2, and TESS data. AltaiPony
inherits its main class FlareLightCurve directly from 1ightkurve’s Lightkurve, and
its mission-specific derivatives.

AltaiPony was designed to be used by astronomers as a one stop shop solution that
covers the essential steps of a typical flare study. We begin with adaptations of com-
mon de-trending tools like the Savitzky-Golay filter from lightkurve.flatten(), and
K2SC [APP16]. We tailored them to preserve flare signal, while removing astrophysical and
instrumental variability. FlareLightCurve.detrend() also allows users to add their
own custom de-trending functions.

After de-trending, FlareLightCurve.find_flares() returns the occurrence times,
amplitudes, durations, and relative energies of all flares above a defined noise threshold in
the residual light curve using an adjustable iterative sigma-clipping procedure to identify
candidate events as series of positive outliers [Dav16].

Usually, the measured flare amplitudes and durations differ systematically from their in-
trinsic properties due to the astrophysical and instrumental characteristics of the light curves
in which they were found. Therefore, A1taiPony features an injection-recovery pipeline
for synthetic flares that quantifies the cumulated effects of noise patterns, time sampling, de-
trending and flare finding procedure of choice. FlareLightCurve.sample_flare_recovery()
generates the synthetic data and performs the full flare search. The resulting sample can be used to
determine the recovery probability and energy bias of candidate events in the original light curve.
Flare frequency distributions (FFDs), that is, the rates f of flares above a given energy E follow a
power law:

f(>E)= LE_"‘“ 9.1)
a—1

The free parameters « and f3 are essential indicators of stellar magnetic activity. To estimate their
values and uncertainties for a given sample of flares, A1taiPony provides the analysis class FFD. It
includes a fully Bayesian framework [Whe04] that combines the power law nature of FFDs, and the
exponential flare waiting times to predict flare frequencies, and uses emcee [For+13] to sample from
the posterior distribution using the Markov Chain Monte Carlo method. As a fast alternative, we
also implemented a modified maximum likelihood estimator [MK09] for «, and a least-squares fit to

B with bootstrapped uncertainties.

9.2 Other software

Other software packages for flare science in the field offer alternative methods, as well as comple-
menting functions. Appaloosa [Dav16] was designed with Kepler light curves in mind. Appaloosa
is this software’s predecessor as many of its functions, such as the empirical flare model aflare,
have been ingested into AltaiPony. stella [FMA20] uses Convolutional Neural Networks to
find flares and return their detection probabilities in TESS light curves. For individual events,
allesfitter [GD21] offers a Bayesian framework to fit multiple aspects of stellar variability at
once, including flares.
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9.3 Applications

AltaiPony has already been used in peer-reviewed publications to study flaring activity as a function
of stellar age, mass, and rotation in K2 open cluster members [Ili+19; Ili+21a], and TESS light curves
of ultrafast rotating M dwarfs [RDD20]. The software remains under active development.
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1 O Looking ahead

In the past decade, Kepler and TESS revolutionized our understanding of star-planet systems, and
highlighted the role of flares. The flare studies they enabled until now, including those in this thesis,
are only the tip of the iceberg. We now know that flares are ubiquitous and self-similar on low mass
stars across all spectral types, ages, and flare energies. They influence the magnetic main sequence
evolution of stars, and shape the evolution of planetary habitability. We do not yet understand all or
even most of the underlying reasons and mechanisms, but with TESS’ continuing its second extended
mission until 2025, and perhaps even further, we can expect to illuminate some of them.

Combing the data taken by Kepler and TESS, in 2025, we will, for the first time, be able to search
long-term changes flaring activity, such as cycles, on a 15 year baseline. We will also be able to
measure the flaring activity levels of stars in the evolutionary stage of the Sun, that only rarely show
flares above the detection threshold. The large number of flares collected on more active stars could
constrain the flare frequency distribution enough to conclusively assess its debated contribution to
coronal heating on the main sequence. The unusual flares we don’t yet grasp the physics of will
become easier to interpret the more statistically reliable the sample of such events becomes. In
Chapter 8, I have shown that the robust detection of planet-induced flaring interactions could be
just a few light curves away. Finally, the declining flaring activity in the brown dwarf regime will
become more accessible. This will allow us to probe the important transition in atmospheric and
magnetic structure from stellar-type flaring activity to planet-like auroral emission. In the following
project, we use the spatio-temporal confinement of flares observed by TESS to expand our capability
to localize flares on the stellar surface.

10.1 Mapping small scale magnetic fields with flares

Rare flares, such as those in Chapter 7, will be more routinely detected. Between 4 and 8 rotation-
ally modulated energetic flares on rapidly rotating stars are captured during each full-sky scan of
TESS [IPA21]. Until 2025, we will detect a total of ~ 15-30 precisely localizable large flares, increasing
the current sample by a factor of 3-5. In upcoming work, we will identify and localize these flares,
but also complement the sample by a much more comprehensive approach to measuring the latitudes
of flaring regions.

We have developed a method that can be used on all stars with known rotation period, and at least
a few flares per light curve. Compared to Chapter 7, this new technique neither requires that the
flares are very energetic, nor that the star rotates very fast. To constrain the number and positions of
active latitudes, we use only the flare occurrence times relative to the rotational phase of the star. The
waiting times between consecutive flares follow a distribution that depends on the number of active
regions and their latitudes. This allows us to tell whether the star possesses a low active latitude
with a dominating flare productive region like the Sun, or whether there are instead more evenly
distributed regions across the stellar surface (Fig. 10.1). We are preparing to use this method both on
individual stars with known inclinations, and ensembles of stars without them.

15 https://heasarc.gsfc.nasa.gov/docs/tess/second-extended.html, accessed on May 1st, 2022
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Figure 10.1: How to infer flaring region latitude using only flare timing: In an ensemble of about
102 — 10° randomly oriented stars with similar magnetic properties, calculate the mean y and standard
deviation o of the waiting times between two subsequent flares. The values depend on the number
(e.g., 1, 1-3, 3-5) and location of the flaring region(s), i.e. their latitude and whether they occur on
one or both hemispheres (mono- or bi-hemispheric). The colored areas show where combinations
of y and o can fall for each configuration. The solid and dotted lines show which combinations
correspond to equator-on and pole-on flaring regions, respectively, with all other latitudes gradually
increasing in between (not shown).

Together with the method devised in Chapter 7, this new approach will allow us to map the
locations of flares on the stellar surface with decreasing rotation period, and better understand how
the topology of small scale magnetic fields evolves with stellar rotation. The latitudes at which flares
emerge on fast rotators are much higher than on the Sun (Fig. 10.2). Filling in the observational gap
for intermediate rotators will place important constraints on the stellar dynamo that produces these
flaring regions, and quantify what fraction of particles associated with large flares would hit or miss
the planets orbiting in the equatorial plane of the star.

This can all be done using almost exclusively data from Kepler and TESS. One of the stars studied
in Chapter 7, however, made a convincing case for in depth follow-up in a different wavelength
regime, as the next Section will show.

10.2 Coronal structure at the bottom of the main
sequence

If we walk down the mass spectrum from solar-type stars to Earth-like planets, the magnetospheres
of mid-to-late M and early L dwarfs will appear most alien to us. Those stars and brown dwarfs no
longer possess partially ionized stellar atmospheres described in Section 2, but do not yet present
the cool, familiar ones of Jupiter and Earth. The nature of their atmospheres is poorly understood.
Some specimen already present auroral emission, others still flare, and many exhibit both phenom-
ena [Ber+17; Hal+15; LME76; Mac+21; Zic+19]. One of the stars in Chapter 7 falls squarely into this
regime, and shows an exceptional combination of magnetic structure and geometry that allows us
to study its corona directly. From the large flare we saw in its TESS data, we know that strong and
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dynamic magnetic fields emerge close to its rotational pole. Moreover, the star’s rotation axis is seen
nearly equator-on, so that the region of emergence comes in and out view as the star spins. The
region’s strong magnetic fields are believed to extend far into the star’s corona. In an upcoming
project, we will monitor this star in X-rays for two full rotations with the XMM-Newton space
telescope [Jan+01]. We expect to directly observe the partial or full occultation of these large coronal
loops by the stellar disk (Fig. 10.3), and infer, for the first time, their size and temperature stratification
directly from observations.

10.3 Final remarks

Moving into unprecedented observational regimes such as done by Kepler and TESS promises the
discovery of new territory. Incremental progress is easier to predict than a transformational discovery,
and improvements in engineering are easier to foresee than a scientific paradigm shift. We can often
reasonably extrapolate the expected trend by adding observational, material and computational
resources. We are witnessing the growing ecosystem of open source software, mostly in Python, of
which AltaiPony is one of many examples, but also the introduction of new programming languages
to astronomy;, like Julia'®. We use machine learning techniques to aid with the processing, and
analysis of petabytes of observations (e.g., [Col+18b; Fei+19; Mas+19]). Large astronomical archives
are produced by unprecedented efforts to realize the high signal-to-noise, homogeneous, long-term
monitoring of the entire sky. The Gaia Collaboration is releasing its third iteration of positions,
velocities, and spectra for over 1.8 billion objects the summer this thesis is completed [Tor+21].
The James Webb Space Telescope (JWST, [Gar+06]), that will scan the sky in the infrared for the
next decade, recently sent its first high-resolution images back to Earth [Ces22]. The PLATO
mission [Rau+14], scheduled to launch in 2026, will succeed Kepler and TESS. The exponentially

16 https://juliaastro.github.io/dev/index.html, accessed May 1, 2022
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dropping costs of launching mass into Earth’s orbit will further increase the use of CubeSats or
SmallSats [SET20], compact telescopes for targeted and uninterrupted space-based monitoring of,
among other targets, nearby star-planet systems.

In one or another form, all these missions will observe flares whenever they target low mass stars.
Understanding the influence of flares on the infrared band of JWST, or the astrometric, radial velocity
and spectral information obtained from stars in their flaring state with Gaia is crucial to disentangle
flaring activity from the desired planetary, or stellar, signal. But as this thesis has shown by the
example of Kepler and TESS, flares are never only interferers. They are just as often putting a unique
spotlight on the phenomena we want to study (e.g., [Che+21]).

In the upcoming decades, we will perhaps not only see the interaction of flares (and the particles
they eject) with planets, and witness exo-space weather in action. We might even observe their inter-
play with moons orbiting extrasolar planets [Kip+22], as well as their impact on the interplanetary
medium and the entire astrosphere. We will find even rarer flares, with higher energies than ever
observed before, and use high cadence observation of flares to study magnetic structures that are so
small that only in-situ observation would be able to spatially resolve them directly. With the aid of
simultaneous, coordinated observations in multiple electromagnetic bands, we will be able resolve
the full spatio-temporal evolution of individual flares and CMEs.

All these speculation are still known unknowns, discoveries that are already on the horizon. It is,
however, just a tiny fraction of what is beyond our range of vision. We can expect to learn surprising
things when studying flares. There is a vast territory of unknown unknowns waiting to be discovered.
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