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ABSTRACT

In many star-planet systems discovered so far, the innermost planet orbits within only a few stellar

radii. In these systems, planets could become in-situ probes of the extended stellar magnetic field.

Because they disturb the field as they move, they are expected to trigger flares in the corona. Potential

differences to the energies and morphologies of intrinsic flares are poorly constrained. However, as we

expect planet-induced flares to correlate with the planet’s orbital period, we can identify them from a

clustering of flares in phase with the planet’s orbit. We used the excellent phase coverage from Kepler

and the Transiting Exoplanet Survey Satellite to find flaring star-planet systems, compile a catalog of

all their flares, and measure how much they cluster in orbital phase. In the 1811 searched systems, we

found 25 single stars with three or more flares each. We quantified the significance of the clustering

in each system, and compared it against the theoretically expected power of magnetic interaction that

leads to planet-induced flaring. Most systems do not show any clustering, consistent with low expected

power. Those we expect to show clustering fall on two branches. An inactive one, without any signs of

clustering, and a tentative active one, where the clustering becomes more pronounced as the expected

power of interaction increases. The flares in HIP 67522 are prominently clustered (p < 0.006). This

young Hot Jupiter system is the most promising candidate for magnetic star-planet interaction in our

sample.
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1. INTRODUCTION

One of the most surprising results in exoplanet re-
search is the diversity of star-planet system architec-

tures. The past two decades revealed that planets can

occur in orbits of only a few stellar radii (e.g., Sanchis-

Ojeda et al. 2014), so that they could almost be con-

sidered to live inside the stellar atmosphere. At this

proximity, the planet exerts force, tidal and magnetic,

both short- and long-term, on its host – a phenomenon

largely unknown to the Solar System. These forces are

typically subsumed under the term star-planet interac-

tions (SPI) that emphasizes that they are bidirectional,

affecting both planet, and star. Specifically, the effects

on the star pose challenges, but also opportunities for

our understanding of star-planet systems.

On the one hand, a close-in planet that changes the

star’s rotation and activity makes it more difficult for

us to model the system’s evolution, as it affects funda-

mental stellar parameters. Ages inferred from rotation

will be biased, if the star is spun up or down relative

to stars without close-in companions (Tejada Arevalo

et al. 2021; Brown 2014; Maxted et al. 2015). Anal-

ogously, altered activity levels may mimic an older or

younger host than it actually is (Ilic et al. 2022). On

the other hand, measuring in what ways and how much

close-in planets alter their hosts’ behavior can provide

important insights into the habitability of the entire sys-

tem (Shkolnik & Llama 2018). Even if they orbit far in-

side the habitable zone, such planets probe the system’s

space weather and mass loss (Cohen et al. 2011, 2015;

Hazra et al. 2022) by revealing the extent of the Alfvén

zone through SPI (Kavanagh et al. 2021; Chebly et al.

2022).

The search for magnetic SPI (Section 1.1) in the form

of changes in global activity indicators (Section 1.2) has

so far been a series of detections and non-detections, of-

ten due to selection bias in the studied systems. Look-

ing for local changes that trace the magnetic footpoint
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that connects planet to star mitigates this bias, but in-

troduces another – sampling bias due to poor orbital

phase coverage. Flares (Section 1.3) are activity mark-

ers that can be caused by SPI (Section 1.4). They can

be monitored with high phase coverage over long peri-

ods of time with missions like Kepler and TESS. Thanks

to their large archives of hundreds of cumulative years

of stellar monitoring, we can overcome the limitations of

individual system studies (Section 1.5), and now look for

flaring SPI more comprehensively, and systematically.

1.1. Magnetic star-planet interactions

Magnetic SPI can occur if the planet is orbiting

within the Alfvén radius of the star at least part of the

time (Preusse et al. 2006; Cohen et al. 2011). The Alfvén

radius is the radius at which the stellar wind velocity,

which increases with increasing distance from the star,

exceeds the Alfvén velocity of the magnetized plasma.

Beyond this radius, this plasma is disconnected from the

star. Alfvén waves set off by a planet that crosses the

magnetic field cannot propagate back to the star if the

wind carries the plasma away faster than these waves

can travel. In the sub-Alfvénic regime, the wave can

reach the star, and deposit its energy in its atmosphere.

Lanza (2012, 2018), and Zarka (2007) and Saur et al.

(2013) suggest different mechanisms for when and how

the energy transport and dissipation takes place, and

how much energy can be transferred and dissipated at

all. They all lack observational constraints from large

samples for calibration, which we aim to provide in this

work.

1.2. Searching for global changes in activity

Even if the instrument’s sensitivity is sufficiently

high, measuring magnetic star planet-interaction re-

mains notoriously difficult. In individual systems, a non-

detection may not mean an absence of the interaction,

but merely a temporary cessation (Shkolnik et al. 2005,

2008). Statistical studies searching for changes in global

chromospheric and coronal activity indicators in star-

planet systems with close-in planets relative to planet-

less stars are inconclusive (Kashyap et al. 2008; Scharf

2010; Shkolnik 2013; France et al. 2018; Viswanath et al.

2020; Krejčová & Budaj 2012; Miller et al. 2015; Pop-

penhaeger et al. 2010). In these studies, it is challenging

both to define a control sample to measure the activity

against, and to quantify how the way we detect plan-

ets introduces selection bias in the activity measure. It

is, for instance, easier to detect a planet around a mag-

netically inactive star, because both radial velocity and

transit detections will be less affected by stellar variabil-

ity (Poppenhaeger & Schmitt 2011), but that does not

imply that SPI quenches activity. Further, tidal interac-

tions can induce a global increase in activity (Ilic et al.

2022), which adds a physical ambiguity to the interpre-

tation (see also Section 5.5).

1.3. Flares

In this study, we look at stellar flares as another way

of dissipating the energy stored in the magnetic field.

Flares are strong and impulsive eruptions released by

reconnection and subsequent relaxation of field lines in

the corona (Svestka 1976; Priest & Forbes 2002). In

contrast to solar flares, stellar flares often are extremely

energetic, sometimes enhancing the stellar flux by orders

of magnitude (Maehara et al. 2012; Shibayama et al.

2013; Paudel et al. 2018) so that they can be detected

in stars over 1kpc away (Chang et al. 2015). But since

they occur randomly in time, individual events can be

hard to catch.

In the 2010s, a wealth of flare observations from space

missions like Kepler (Borucki et al. 2010) and K2 (How-

ell et al. 2014) have been cataloged (Davenport 2016;

Paudel et al. 2018; Ilin et al. 2021). Since 2018, the Tran-

siting Exoplanet Survey Satellite (Ricker et al. 2015)

is rapidly growing the archive (Günther et al. 2020).

The key advantage of both missions for this work is the

nearly uninterrupted monitoring of star-planet systems

that covers all phases of a close-in planet’s orbit.

1.4. Flaring star-planet interactions

The absolute power of flaring SPI is difficult to

constrain. We do not know how energetic planet-

induced flares can be. The estimates for dissipated en-

ergy (Lanza 2018) are in the ballpark of the regime of

superflares, with energies released at optical wavelengths

≥ 1033 erg (Schaefer et al. 2000), that can be observed by

Kepler and TESS. However, on the one hand, the planet

might be triggering flares prematurely, which would be

of lower energy (Loyd et al. 2023), and end up below

our detection threshold. On the other hand, the en-

ergy need not be dissipated continuously, particularly

in the stretch-and-break mechanism proposed by (Lanza

2012), so an individual flare’s energy might be higher.

We also do not know whether flares triggered by inter-

actions with a companion would unfold faster or slower

than intrinsic flares. We will assume that, since they

would be caused by magnetic reconnection triggered by

the planet in the stellar corona, they should still have the

same physics as intrinsic flares. They should then ap-

proximalety follow the fast-rise-exponential-decay mor-

phology (see Fig. B1 for an example). Individual intrin-

sic flares can deviate from this template, yet still be clas-

sified as flares because flares remain the best explanation
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Figure 1. Simple magnetic star-planet interaction (SPI)
viewing geometries. a.: system aligned along the line
of sight (LOS). The interaction footpoint moves along the
black line, and is on the visible hemisphere (hatched area)
for 50% of the orbit (red line). Flaring SPI can be observed
as modulation of flare occurrence times. b.: Inclined sys-
tem. The interaction latitude is visible 100% of the time, so
no modulation can be observed. Interaction is shown on one
hemisphere, but may appear on both. Complex geometries
arise when orbital, rotational and magnetic axis are mis-
aligned. The panels also illustrate how a planet in a closer
orbit (a.) interacts at a lower latitude than a farther out
planet (b.). §

for a sudden rise and drop in stellar brightness in most

main sequence dwarf stars. Many of these deviations are

unexplained today (Howard & MacGregor 2022), so that

identifying SPI flares based on morphology is not possi-

ble without additional constraints. However, if we can

statistically identify enough SPI flares, as we attempt in

this work, we can infer the differences between intrinsic

and SPI events from the two ensembles.

In other words, since planet-induced flares might not

look any different from intrinsic flares, and we do not

know how their energies will be distributed, we require

a method to distinguish them without referring to their

individual properties. Instead, we can look at the sta-

tistical distribution of flares in time:

If we picture the magnetic field lines connecting the

planet to the star in the sub-Alfvénic zone, we expect

that the stellar footpoint of these lines will move along

with the planet. Flares triggered by the planet will oc-

cur at a preferred orbital phase, namely whenever the

footpoint is visible to the observer. Depending on the

system’s viewing geometry, i.e., the inclination of the ro-

tation axis, the spin-orbit (mis-)alignment, and the ex-

tent and configuration of the large scale magnetic field

– the footpoint could be always in view, or never. In

expectation, however, in star-planet systems with fa-

vorable viewing geometries and magnetic field strengths

and configurations, the footpoint visibility will be mod-

ulated in phase with the planetary orbit (Fig. 1). The

resulting phase preference of planet-induced flares intro-

duces a deviation from the otherwise random distribu-

tion of flares (see, e.g., Doyle et al. 2018; Feinstein et al.

2020; Howard & Law 2021). Space missions like Ke-

pler and TESS provide light curves that cover all phases

of the planet’s orbit, so that phase-correlated planet-

induced flares can be detected against a background of

uncorrelated intrinsic flaring.

1.5. Searching for local changes in activity

In contrast to global SPI, local SPI effects are eas-

ier to tell apart from intrinsic stellar behavior because

they are tied to the planet’s orbital period. Searches

for an orbital modulation of polarized radio emission

have produced promising, but tentative results. Close-
in star-planet systems are expected to interact similarly

to the Jupiter-Io system (Bigg 1964), albeit scaled up

to the high field strengths of stars (Turnpenney et al.

2018). In some detections, the planet has not been found

(yet) (Vedantham et al. 2020), or the data do not cover

multiple orbital periods to see the signal repeat (Pérez-

Torres et al. 2021; Pineda & Villadsen 2023), or both

(Callingham et al. 2021). Phase-correlated activity, flar-

ing and otherwise, has been searched for in individual

systems. After eight years of monitoring of HD 189733,

an active Hot Jupiter host, higher X-ray energy flares

seem only marginally clustered in orbital phase than

lower energy ones (Pillitteri et al. 2022). Maggio et al.

(2015) observed an eruption of X-ray emission when the

Jupiter-sized companion was in periastron on the highly

eccentric orbit around its host HD 17156. However, a

similar study using chromospheric indicators in the ec-

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_illustrative_sketch_of_system_geometries.py
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centric system HD 80606 found no variation between

periastron and apoastron (Figueira et al. 2016). In the

above cases, non-detection can at least partly be at-

tributed to poor orbital phase coverage, which also lim-

its the significance of any positive detection. Realizing

this, Fischer & Saur (2019) used K2 data with excellent

phase coverage of the orbits of the inner TRAPPIST-1

planets to look for clustered flaring in phase, but found

none. Ilin & Poppenhaeger (2022) and Klein et al.

(2022) found hints of excess flaring, and chromospheric

Helium emission in the young AU Mic system, respec-

tively. This mixed picture of individual object studies

calls for a more comprehensive and systematic approach.

1.6. Overview

In this work, we searched for excess flaring in all avail-

able Kepler and TESS short cadence light curves of con-

firmed star-planet systems (Section 2). We scoured the

light curves for flares, and tested their observed phases

for departures from a uniform distribution in phase with

the innermost planet’s orbit (Section 3). We present the

catalog of all flares found in our sample of star-planet

systems, and compare the test results with the expected

power of interaction for each system (Section 4). We

discuss the results for the most interesting star-planet

systems individually (Section 4.5), and take a look at

the patterns emerging from our analysis (Section 5), as

well as the possible role of tidal flaring SPI in our ob-

servations (Section 5.5). We summarize our findings in

Section 6.

2. DATA

In this study, we aimed at compiling the largest pos-

sible sample to search for flaring SPI. We took the

entire Planetary Systems Composite Parameters Ta-

ble (PSCP1, Section 2.1) from the NASA Exoplanet

Archive, as of July 2022, and scanned the systems for

available Kepler and TESS light curves (Section 2.2).

We searched a total of 1811 systems and over 7200 light

curves from both missions for flares. To calculate the

clustering of flares in orbital phase, we further required

the orbital periods of each system (Section 2.3). We

then estimated the theoretically expected power of in-

teraction for each system with at least three flares. For

this, we required further system parameters – distance

between planet and star, stellar rotation period, plan-

etary radius, and stellar luminosity (Sections 2.4-2.7),

which we mostly took from the literature. We began

by compiling the table of system parameters with the

1 https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/
nph-tblView?app=ExoTbls&config=PSCompPars

PSCP, but verified, supplemented and updated the ta-

ble with more up-to-date measurements. The relevant

properties of the final sample of 25 systems are shown

in Table 1.

2.1. Star-planet systems

We compiled our sample of star-planet systems from

the PSCP, from which we removed controversial planet

detections (“pl controv flag” must be 0), i.e., detections

with existing literature questioning the result. The re-

sulting catalog contained 2993 transiting and 191 non-

transiting systems, from which we picked the innermost

known planet in each system.

2.2. Kepler and TESS photometry

The Kepler and TESS missions are unbeaten with re-

spect to long-term optical monitoring of stellar flares.

Their excellent coverage of orbital phases makes the light

curves ideal for our search for orbital phase dependent

flaring. Between 2009 and 2013, the Kepler space tele-

scope (Koch et al. 2010) nearly continuously observed

a patch of the sky in the Cygnus-Lyra region. Each of

the 18 observing Quarters contains nearly uninterrupted

∼ 90 days of observations, totaling over 100 000 stars

monitored in 2-min cadence in a broad 400 − 850 nm

band pass.

The Transiting Exoplanet Survey Satellite (TESS,

Ricker et al. 2015) is an all-sky mission that began op-

erations in 2018, and has completed two sky scans in

summer 2022. It is observing at the time of writing,

collecting nearly continuous photometric time series in

the 600 − 1000 nm band for ∼ 27 d in each observing

Sector. About 200 000 stars have been observed in 2-

min cadence in the first two years of operations alone,

with about 20, 000 targets per Sector. Out of these, from

Sector 27 on, 1, 000 targets were observed at even higher

20-s cadence in each Sector.

Based on the filtered PSCP table, we used the

lightkurve (Lightkurve Collaboration et al. 2018)

Python software to query the full Kepler archive (quar-

ters Q0-Q17, Data Release 25), and the most recent

TESS catalog (July 2022) for their respective 1-min and

2-min/20-s cadence light curves. In total, we searched

7213 light curves for flares – 3032 Kepler Quarters, and

4181 TESS Sectors. We found and analyzed light curves

for a total of 1811 systems, 344 of which were observed

only by the primary Kepler mission, 1205 only by TESS,

and 262 by both missions. We did not use K2 light

curves because of the many systematics, and conse-

quently the high time investment of de-trending them.

But we included the flare list obtained by Paudel et al.

(2018) for TRAPPIST-1 K2 flares, since this system is

https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?app=ExoTbls&config=PSCompPars
https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?app=ExoTbls&config=PSCompPars
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a potential candidate for sub-Alfvénic interactions (Fis-

cher & Saur 2019).

2.3. Orbital periods and transit mid-times

We adopt the orbital periods from the PSCP, which

were either obtained from Kepler or TESS transits, or

from radial velocity measurements. For the transiting

systems, we use the transit mid-times given in the PSCP

to set orbital phase zero. If possible, we use the tran-

sit mid-times determined in each mission separately to

reduce the uncertainties on orbital phase. For the non-

transiting system, phase zero is set arbitrarily.

2.4. Semi-major axes and eccentricities

A critical parameter for the possibility of magnetic

SPI and its power is the distance between the star and

the planet, not the semi-major axis itself. This varies

if the orbit is eccentric. We therefore adopt the mean

semi-major axes from the literature, but use a custom

estimate for the uncertainty that includes the eccentric-

ity:

If the eccentricity is known, then the uncertainty on

the distance is set to either the error on the semi-major

axis, or to half of the difference between periastron and

apoastron – whichever is larger. If eccentricity is not

known, then the uncertainty on the distance is set to

either a 25% error on the semi-major axis, that is, as-

suming e = 0.25, or the uncertainty on the semi-major

axis – whichever is larger. We chose e = 0.25 because it

is both a typical value within our sample (see Table 1),

and in the literature (Eylen et al. 2019).

2.5. Rotation periods

We adopt available rotation period values from the

literature. Almost all stem from light curve variabil-

ity (Angus et al. 2018; Mazeh et al. 2015; McQuil-

lan et al. 2013, 2014; Luger et al. 2017; Stock et al.

2020; de Leon et al. 2021; Torres et al. 2017; Stefans-

son et al. 2020; Zicher et al. 2022; Ment et al. 2021;

Rizzuto et al. 2020; Günther et al. 2020), and only one

from periodic variation in chromospheric lines (Deman-

geon et al. 2021). When uncertainties are not given,

we conservatively assume 10% uncertainty. Uncertain-

ties are missing usually when periods were detected us-

ing Lomb-Scargle (Lomb 1976; Scargle 1982), or similar,

periodogram peaks only (Günther et al. 2020; Kiraga &

Stepien 2007; Grankin 2013; Burt et al. 2014), but also

when the measurement is indirect using activity-rotation

relations (only in the case of GJ 3323).

Among the stars without given uncertainties, the ro-

tation of GJ 3082 was measured and is consistent both

in TESS and in KELT light curves to below 1 s pre-

cision (Günther et al. 2020). The rotation of GJ 674

is consistent between light curve periodograms (Kiraga

& Stepien 2007), and activity-rotation relations (Boisse

et al. 2011) at a < 10% level. GJ 3323 only has rota-

tion periods inferred from activity indicators (Astudillo-

Defru et al. 2017a), without any periodicity detected in

the activity indicators themselves (Astudillo-Defru et al.

2017b). The rotation of Proxima Cen is very slow, but

consistent between different datasets (Anglada-Escudé

et al. 2016; Kiraga & Stepien 2007). In general, among

the stars without given uncertainties on the rotation pe-

riod, the period is either

• short, leaving a clear peak in the periodogram,

and little doubt about the period after ruling out

aliases with Prot/2, as with GJ 3082, or

• longer than the Sun’s, that is, in the regime where

rotation-activity relations are reliable because the

stars are in the unsaturated activity regime, as in

the case of GJ 674, and GJ 3323.

2.6. Planetary radii

For the transiting planets, we adopt the literature val-

ues for planet radius Rp, and uncertainties, from the

PSCP. For the non-transiting radial velocity detected

planets we use Mp sin i to calculate a lower limit for

the radius using the empirical relations derived in Chen

& Kipping (2017) using their open source forecaster

tool, upgraded to astro-forecaster2 by Ben Cassesse.

We note that for GJ 674, the mass estimates in Bonfils

et al. (2007) and Boisse et al. (2011) do not quote uncer-

tainties, but differ by 0.3M⊕, so we assumed that value

as the uncertainty on Mp sin i.

2.7. Bolometric luminosity

We take bolometric luminosity values as given in

the PSCP whenever they are given with uncertain-

ties. We supplement missing values, and replace

entries without quoted uncertainties with Gaia DR3

FLAME (Fouesneau et al. 2022) solutions (lum flame,

lum flame upper, lum flame lower).

3. METHODS

We measure flaring SPI as the presence of flares trig-

gered by the orbiting planet. In the absence of flaring

SPI, flare peak times will be distributed randomly in or-

bital phase. In the presence of flaring SPI, we measure

a phase dependent deviation from this randomness.

The main data for this analysis are flare times. To ob-

tain them, we gather the Kepler and TESS light curves

2 https://pypi.org/project/astro-forecaster/
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for all star-planet systems, remove rotational variability

trends, search the de-trended light curves for flares, and

convert the flare times to orbital phases. We then per-

form a customized Anderson-Darling test on the flare

peak time distribution, which yields a p-value for the

significance of the SPI signal. Finally, we compare these

results to the theoretically expected SPI power Pspi in

each system.

The methods for light curve de-trending and flare find-

ing in Kepler and TESS light curves, as well as the

Anderson-Darling test, are the same as detailed in Ilin &

Poppenhaeger (2022). We briefly recap the techniques

in Sections 3.1 and 3.2. The expected power of SPI de-

pends on the relative velocity between the planet and

the magnetic field strength in its orbit, the derivation of

which we explain in Sections 3.3 and 3.4, respectively.

We can then combine them with the stellar radius, plan-

etary radius, and semi-major axis to estimate the power

of SPI. We use the scaling laws for two different mag-

netic SPI models, which we introduce in Section 3.5.

3.1. Light curve de-trending and flare search

To remove trends and rotational variability from the

light curve without losing the flare signal, we use an em-

pirically derived multistep process, implemented as the

custom detrending method in AltaiPony, a flare sci-

ence Python package for light curve analysis (Ilin 2021).

First, we apply a spline fit with a coarse sampling of

30h-averaged values to capture slow rotation with peri-

ods above multiple days and non-periodic trends. Then,

we iteratively fit a series of sines to capture rotational

signal on time scales down to about half a day, close

to the fastest rotational signals measured in low mass

stars. Eventually, we apply two Savitzky-Golay (Sav-

itzky & Golay 1964) filters in sequence, with window

sizes of 6h and 3h each. At this stage, we mask all data

points above a 2.5σ threshold (or 1.5σ for stars like AU

Mic or Proxima Cen, which are very active or have very

low noise levels, or both) as flare candidates to prevent

the filter from ironing out the flares. As a final step,

we fit exponential functions to the edges of the light

curves, if there are data points that deviate more than

one standard deviation from the median value, while

keeping the flare candidates masked. Transits are usu-

ally too shallow to affect either light curve de-trending

or flare finding. The light curve portions around deep

transits were inspected manually.

In the de-trended light curves, we search for flares

as series of at least three consecutive data points 3σ

above the noise level using the AltaiPony method

find flares. We estimate the noise level as the stan-

dard deviation in a rolling window of two hours, while

masking deviations above 2.5σ (or 1.5σ for stars like AU

Mic and Proxima Cen). To capture the exponential tail

of the flare, we use the addtail flag in the find flares

method to continue adding data points to the end of the

flare as long as they are 2σ above the noise threshold.

We vet all flare candidates by eye, and exclude instru-

mental and physical false positives, such as Solar System

Objects passing by the field of view (see Fig. B1 in the

Appendix for an example). For each confirmed flare can-

didate, we calculate the relative amplitude a and equiv-

alent duration ED, defined as the flare flux Fflare over

the duration of the flare, divided by the median flux F0

of the star, integrated over the flare duration (Gershberg

1972):

ED =

∫
dt

Fflare(t)

F0
. (1)

In other words, equivalent duration is the time during

which the non-flaring star releases as much energy as

the flare.

3.2. Custom Anderson-Darling test

For each star-planet system with three or more flares

in its light curves, we test for deviations from a random

distribution of flares with orbital phase. We use the

same customized Anderson-Darling test as in Ilin & Pop-

penhaeger (2022), which is more sensitive to deviations

at both ends of the distribution than the widely used

Kolmogorov-Smirnov test (Feigelson & Babu 2012). In

short, we first take the number of flares observed in the

TESS and Kepler data to calculate a base flare rate for

each light curve. We then calculate how often each or-

bital phase has been observed, also for each light curve

separately, to ensure that the different detection thresh-

olds for TESS and Kepler do not bias the base rate.

With the phase coverage and base flare rate combined,

we can tell how many flares we would expect to see in

any given phase bin if flares were randomly distributed.

The bin widths correspond to the distance between each

consecutive detection of a flare in phase space. We

then aggregate this number of expected flares per orbital

phase bin into one expected distribution (blue curves

in Figs. 4 and 5) by summing over all available light

curves. As a last step, we compare the expected distri-

bution to the observed one using an Anderson-Darling

test. For this, we sample 10000 times from the expected

distribution the same number of flares as we observe

in each system. For instance, for HIP 67522, we sam-

ple 12 flares distributed according to its blue curve in

Fig. 4. For each of the 10000 samples, we compute the

Anderson-Darling statistic A2, which yields a distribu-

tion of A2 values (see Fig. C1 for the A2 distribution

derived for HIP 67522). In a last step, we compute A2
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for the observed distribution, and compute the p-value.

We repeat this test with different phase offsets to ac-

count for remaining biases in sensitivity of the test at

different phases.

The only adjustment to the procedure in Ilin & Pop-

penhaeger (2022) is that we use four equidistant start

phases (i.e., 0, 0.25, 0.5 and 0.75) compared to the

20 used in Ilin & Poppenhaeger (2022) to save time,

because the range of derived p-values is already well-

sampled using four. We adopt the standard deviation of

these four p-values as the uncertainty on the flaring SPI

measurement.

3.3. Relative velocity

We calculate the relative velocity between the mag-

netic field of the star and the planet using stellar ro-

tation period Prot, orbital period Porb, and semi-major

axis a. We assume that the large scale magnetic field

is co-rotating with the stellar surface, and calculate the

relative velocity at the planet’s orbital distance:

vrel = 2πa

(
1

Porb
− 1

Prot

)
. (2)

We use quadratic error propagation to estimate the

uncertainty in vrel with the mean of the upper and lower

uncertainty values on the orbital period and rotation

period, if both are given, and the uncertainty on semi-

major axis a as derived in Sec. 2.4.

3.4. Stellar magnetic fields

We derive the average magnetic field strength B from

Rossby number Ro using the empirical relation derived

in Reiners et al. (2022), Table 2, in the unsaturated and

saturated regimes, respectively:

B = 199G ·Ro−1.26±0.1 (if Ro > 0.13) (3)

B= 2050G ·Ro−0.11±0.03 (if Ro < 0.13) (4)

The convective turnover time τ in Ro = Prot/τ is de-

rived using bolometric luminosity (Section 2.7), follow-

ing Reiners et al. (2014, 2022):

τ = 12.3 d · (Lbol/L⊙)
−1/2 (5)

We compared our derived values for Ro and B with ex-

isting estimates of coronal emission. We show LX/Lbol

obtained from Foster et al. (2022) as a function of Ro

and B in Fig. 2. The X-ray emission relation to Rossby

number in our sample follows that of stars that are

not known to host close-in planets (Wright et al. 2011),

spanning both the saturated and unsaturated regime.

The X-ray emission and our estimated magnetic field

closely follow each other, also consistent with stars not

selected for close-in planets (Reiners et al. 2022). There

are two exceptions: GJ 3082 appears underluminous in

X-ray compared to its Rossby number and expected

magnetic field strength. AU Mic is slightly overlu-

minous, falling somewhat above the saturated level of

LX/Lbol. However, the star still follows the B−LX/Lbol

relation.

Figure 2. X-ray luminosity over bolometric luminosity
compared to Rossby number (upper panel), and average
surface magnetic field strength (lower panel). Blue lines
denote the error bars, black lines point to the IDs of the cor-
responding stars. Both relations follow those of stars not se-
lected for hosting close-in planets, except for GJ 3082, which
is underluminous for its Rossby number, and hence also its
estimated magnetic field appears too strong for its LX/Lbol. §

3.5. Power of star-planet interaction

We consider two theories for the mechanism behind

flaring SPI, the stretch-and-break and the Alfvén wing

mechanisms. For both of them, we include the case of a

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_lx_plots.py
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magnetized and an unmagnetized planet, for a total of

four estimates of the expected power of magnetic SPI.

First, we estimate the power of SPI generated by the

stretch-and-break mechanism using the scaling relations

in Lanza (2012). We adopt their Eqn. 45 for non-

linear and axisymmetric magnetic fields, because the

non-linear formulation does not assume a constant force-

free parameter, and because only axisymmetric fields

can produce modulation of flaring activity in phase with

the planetary orbit. We note that the axisymmetry of

stellar magnetic fields varies across stars (e.g., Donati &

Landstreet 2009; Donati et al. 2008; Morin et al. 2008,

2010), and also with the stellar activity cycle of individ-

ual stars (e.g., Boro Saikia et al. 2016; Lehmann et al.

2021). In Eqn. 45, the power of SPI, Pspi,sb, is

Pspi,sb =
27πλ2(n+ 1)

16µ0n(λ2 + n2)1/3︸ ︷︷ ︸
Ĉ

B2/3
p R2

pB
4/3
∗ vrel

(
R∗

a

)n+11
3

,

(6)

where µ0 is the magnetic permeability of the vacuum,

and n and λ are dimensionless constants, all of which

we subsume under Ĉ, together with other constant fac-

tors. Bp and B∗ are the planetary and stellar field

strengths at their poles, respectively; vrel is the relative

velocity between the stellar rotation and the planet’s

orbit at the semi-major axis a; and R∗ and Rp are

the stellar and planetary radii, respectively. We choose

n = 0.25 (λ2 = 1.01203), which best reproduces obser-

vations of SPI candidate systems HD 179949, τ Boo, and

HD 189733 in Lanza (2012) (except for υ And). Since

the planetary fields are unknown, we adopt Bp = 1G

for simplicity. We also do not know the stellar field

strength at the pole for the vast majority of the stars,

so we adopt an average value of 15 per cent of the surface

field strength (see Sections 3.4 and 5.1) as a proxy.

Second, we also consider the case of an unmagnetized

planet with Bp = 0, in which case Eq. 45 in Lanza (2012)

reduces to

Pspi,sb0 = ĈR2
pB

2
∗vrel

(
R∗

a

)n+11
3

(7)

Third, we estimate the power of SPI generated by the

Alfvén wing mechanism (Saur et al. 2013; Kavanagh

et al. 2022), combining Eqn. 8 for the power of inter-

action and Eqn. 11 for the magnetopause radius of the

planet from Kavanagh et al. (2022) to arrive at:

Pspi,aw =
π1/2

22/3
B2/3

p R2
pR

2
∗B

1/3
∗ v2rela

−2ρ
1/2
∗ sin2 θ (8)

Here, we assume that the magnetopause radius ex-

tends to where the magnetic pressures of planet and

stellar magnetic wind are equal, and that the wind

is dominated by the magnetic field in the sub-Alfénic

regime. We approximate the stellar wind density ρW
with a proportionality to ρ∗(R∗/a)

2, where ρ∗ is the

stellar wind density at the base of the corona. For

the stellar wind magnetic field at the planetary radius

BW , we insert B∗(R∗/a)
3, i.e., we assume that the field

strength decreases radially outward from the surface as

a dipole. This produces an upper bound on the field

strength at the planet’s distance because more complex

fields would drop off more steeply. The last two re-

placements result in the total R2
∗a

−2 factor in the above

equation. Since ρ∗ is poorly constrained empirically (Vi-

dotto 2021), we adopt ρ∗ = 2 · 1010cm−3, a value often

used for the Sun (Sokolov et al. 2013), and for stellar

simulations (Alvarado-Gómez et al. 2020b; Kavanagh

et al. 2021). The dependence on ρ∗ is stronger than

that on B∗, so it may dominate the magnetic field de-

pendence. However, it is also weaker than that on any

other parameter in the scaling law. The angle between

the wind magnetic field vector and the velocity vector of

the planet θ is also unknown, so we set sin θ = 1 to ob-

tain an upper limit. In reality, θ will vary both between

systems, and over time in any individual system.

And fourth, we also consider the case of an unmag-

netized planet, where the magnetospheric radius is set

equal to the planetary radius, in which case Eq. 8 in

Kavanagh et al. (2022) reduces to

Pspi,aw0 = π1/2R2
pR

4
∗B∗v

2
rela

−4ρ
1/2
∗ sin2 θ (9)

4. RESULTS

Our goal was to measure magnetic SPI as the sta-

tistical clustering of flares in phase with the innermost

planet’s orbit. We searched for flares in all star-planet

systems that were observed with Kepler and TESS at

1 or 2 min cadence, respectively. For the star-planet

systems in the resulting flare catalog (Section 4.1), we

confirmed that the orbital phase could be known well

enough for the entire observing baseline of the sys-

tem (Section 4.2). We calculated the orbital phases of

each flare, and the flare phase distributions for each sys-

tem (Section 4.3). We then applied a custom Anderson-

Darling test (see Section 3.2) to assess how much each

distribution was different from randomly distributed in-

trinsic flaring. Comparing the test results with the ex-

pected power of magnetic SPI, we found our main re-

sult: The clustering of flares in orbital phase tentatively

increases with the expected power in all considered sce-

narios of magnetic SPI (Section 4.4). However, not all
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systems with high expected power show signs of flaring

SPI, which creates two branches in the distribution of

test results. Finally, in Section 4.5, we provide addi-

tional context for the most interesting systems in our

sample, and explain why we had to exclude others from

the analysis.

4.1. Flare catalog

We searched a total of 3032 Kepler Quarters and 4181

TESS Sectors of a total of 1811 star-planet systems for

flares. We inspected all candidates manually, and added

flares observed by K2 on TRAPPIST-1 (Paudel et al.

2018), and flares from the planet hosting primary in

the Kepler-411 binary (Jackman et al. 2021). The final

table contains a total of 1169 flares in 92 systems. In

Table 2, we list the flares and their characteristics. To

identify each event, we provide the name of the system

in which the flare was found, its TIC, whether it was

observed with Kepler or TESS, and during what Quarter

or Sector, respectively. For each flare, we also give the

start and finish time, relative amplitude a and equivalent

duration ED (Eq. 1). If the transit midtime is known

for the innermost planet, we also give the orbital phase

at which the flare occurred. The full table is available

online (see Data Availability Statement).

4.2. Period coherence times

In many cases, the observing baseline covered by Ke-

pler and TESS for a given system can span multiple

years. In these cases, the orbital period of the inner-

most planet must be known very precisely so that we

can assign accurate orbital phases to the flare events.

We test this by dividing the timespan ∆T between the

first and the last flare in the combined Kepler and TESS

observations by the coherence time τ of the orbital pe-

riod for each system. We calculate the coherence time

as

τ = P 2/σP , (10)

where P is the orbital period, and σP is its uncertainty.

If the orbital period is well-known, the resulting ratio

∆T/τ should be ≪ 1. Here, we are not interested in

the absolute orbital phase. We are only interested in

how much uncertainty on the orbital phases of flares ac-

cumulates over the entire observing time after the first

flare. Therefore, we can ignore that the uncertainty on

phase zero at transit midtime increases with the time

passed since the transit midtime was measured. For

non-transiting systems, this time can amount to sev-

eral years, so the midtime becomes unconstrained by the

time of the observation with Kepler or TESS. For tran-

siting systems, the midtime is usually very well known.

So in the following, we set phsae zero to an arbitrary

time in non-transiting systems, and to the reported tran-

sit midtime for the rest.

The bottom panel in Figure 3 shows a histogram of

∆T/τ in our sample. The orbital period is known suf-

ficiently well for our analysis in most cases with ratios

< 0.02, that is, the orbital phase of the last flare is at

most 2% off, compared to the first. The three cases

where the ratio is highest with ∆T/τ =0.05, 0.12, 0.24

are TAP 26, GJ 3082, and GJ 674, respectively. We

keep these systems in our sample, but caution that the

measured absence of flaring SPI might be partly due to

the uncertain orbital period of the planet in these cases.

Fischer & Saur (2019) argue that the synodic period,

at which the sub-planetary point crosses the same (mag-

netic) surface element on the star, may result in a clearer

interaction signal, because a magnetically active region

that is prone to planet-induced flares, will be passed

only once per that period. However, we repeated the

coherence calculation for Prot, and found that the ratio

is > 0.1 for most stars (Figure 3, top panel), so that a

statistical analysis of rotational flare modulation is not

feasible.

4.3. Flare phase distributions

Our custom Anderson-Darling test compares the mea-

sured distribution of orbital phases of the flares to the

expected distribution (see Section 3.2), and returns the

significance of the deviation between the two. In the

expected distribution, the same number of flares would

be distributed randomly across all phases, as the over-

whelming majority of studies looking for variation with

rotational phase suggest (see, e.g., Doyle et al. 2018;

Howard & Law 2021). Figures 4 and 5 show the flare

phase distributions along with the corresponding ex-

pected distributions for transiting and non-transiting

systems, respectively. The expected distributions usu-

ally deviate from a straight line because we take into

account the coverage of the orbital phases by the Ke-

pler and TESS observations, as well as the different flare

rates in each light curve, which arise due to varying noise

levels between individual Quarter/Sectors, and between

the two instruments.

4.4. Flaring star-planet interaction signal

The main result of this work is the comparison of the

significance of flares clustering in orbital phase to the

expected amplitude of magnetic SPI, and is shown in

Figure 6. We used the custom Anderson-Darling test

introduced in Section 3.2 to look for flaring SPI in all

systems with three or more flares with equivalent du-

ration ED > 1 s, detected in their Kepler and TESS

observations.
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Table 2. Flare catalog of all star-planet systems observed by Kepler and TESS (as of July 2022). In transiting multi-planet
systems, the orbital phase refers to the innermost planet, with the transit mid-time at phase zero. Qua./Sec. is the Quarter or
Sector number of the observation in Kepler or TESS, respectively. The first and last data points of a flare are denoted ts and
tf . The orbital phase of the innermost planet is measured at ts. We also give relative amplitude a, and equivalent duration ED
(see Eq. 1) for each flare. The digits in square brackets refer to the uncertainties in the corresponding last digits shown, e.g.,
0.051[1] is the same as 0.051±0.001, and 98[12] is the same as 98±12. The full catalog is available online (see Data Availability
Statement).

TIC ID mission Qua./Sec. ts [BKJD/BTJD] tf [BKJD/BTJD] orb. phase a ED [s]

169461816 KOI-12 Kepler 0 124.0381 124.0422 0.7366002[5] 0.0018 0.42[3]

299096355 Kepler-16 Kepler 2 221.7214 221.7350 0.31198[9] 0.0045 2.38[8]

139106731 Kepler-908 Kepler 4 431.9578 431.9659 0.5670[3] 0.0063 2.00[4]

139106731 Kepler-908 Kepler 4 433.3548 433.3568 0.6091[3] 0.0012 0.18[2]

138297607 Kepler-636 Kepler 8 745.8702 745.8730 0.01785[1] 0.0033 0.62[9]

138297607 Kepler-636 Kepler 8 749.3248 749.3275 0.23268[1] 0.0031 0.61[10]

138297607 Kepler-636 Kepler 8 749.4651 749.4678 0.24141[1] 0.0046 0.87[8]

26417717 Kepler-808 Kepler 9 860.1291 860.1441 0.2421[6] 0.0110 7.1[3]

26417717 Kepler-808 Kepler 10 911.4007 911.4088 0.4538[7] 0.0053 2.7[2]

28230919 HAT-P-11 Kepler 10 930.8736 930.8811 0.91263[5] 0.0018 0.51[2]

28230919 HAT-P-11 Kepler 10 935.8758 935.8874 0.93604[6] 0.0014 0.80[4]

399954349(c) Kepler-411(c) Kepler 11 1002.9499 1002.9547 0.1[nan] 0.0059 1.06[5]

399954349(c) Kepler-411(c) Kepler 11 1003.9879 1003.9900 0.5[nan] 0.0027 0.37[4]

399954349(c) Kepler-411(c) Kepler 11 1007.9104 1007.9138 0.8[nan] 0.0042 0.78[4]

399954349(c) Kepler-411(c) Kepler 11 1008.0412 1008.0446 0.8[nan] 0.0034 0.67[5]

417676622 Kepler-68 Kepler 11 1008.4671 1008.4712 0.5926[1] 0.0008 0.23[2]

26417717 Kepler-808 Kepler 11 1010.6739 1010.6766 0.6979[8] 0.0042 0.7[1]

399954349(c) Kepler-411(c) Kepler 11 1010.8759 1010.8786 0.8[nan] 0.0046 0.72[4]

399954349(c) Kepler-411(c) Kepler 11 1012.3975 1012.4023 0.3[nan] 0.0032 0.84[6]

399954349(c) Kepler-411(c) Kepler 11 1015.7363 1015.7390 0.4[nan] 0.0020 0.40[4]

Figures 6 and 7 show that in every scenario we consid-

ered (Alfvén wing or stretch-and-break mechanism, with

magnetized or unmagnetized planets, see Section 3.5),

there are two branches on the high end of expected pow-

ers. On one branch, the significance of the measured

interaction increases with the expected power Pspi. On

the other branch, no interaction is measured regardless

of Pspi.

Table 3 lists the p-values for each star-planet system.

There is no star-planet system for which we find a > 3σ

(p < 0.0027) signal of flaring SPI in our sample. How-

ever, overall, the significance of the deviation increases

with higher expected power Pspi of interaction, intro-

duced in Section 3.5. Table 3 also lists the derived

parameters required in these scaling laws, i.e., Rossby

number Ro, surface-average magnetic field strength B,

and relative velocity vrel between the planet and a co-

rotating stellar magnetic field .

We choose the ED > 1 s cutoff to make sure that we

are comparing similar flares regardless of spectral type,

that is, flares above the same energy relative to stel-

lar luminosity, without losing too many flares. In Ilin

& Poppenhaeger (2022), AU Mic appeared to be more

modulated with orbital period in the high energy flares

above 1 s than below. It is also the only star in our sam-

ple, for which this threshold makes a difference in the

significance of the Anderson-Darling test. However, we

note that we lose five systems by applying this threshold

– GJ 393, Kepler-411, Kepler-138, GJ 1061, and Kepler-

1084. We note that the flares (with ED < 1 s) in all of

these systems are consistent with random flare phases

within 1σ.

4.5. Individual systems

The properties of star-planet systems in this work are

diverse, including both very fast and very slowly rotating

host stars; systems with super-Earths, Neptunes, and

Hot Jupiters; and spectral types covering the lower main

sequence from mid-F to late M.

For our analysis, it is important to know that the ob-

served flares indeed occurred on the planet host star.

We therefore excluded some systems due to documented

contamination from nearby (bound or co-moving) com-

panions (Section 4.5.1). One exception to this rule is
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Table 3. Flaring star-planet interaction. Ro, B, and vrel, are derived from literature values (Table 1). Pspi,xx stands for the
power of stretch-and-break (sb) and Alfvén wing (aw) interaction mechanisms, assuming the planet has a magnetic field strength
of 1G. Pspi,xx0 is the same, but assuming an unmagnetized planet. The p-value of the Anderson-Darling test is lower when
the system shows a stronger clustering of flares in orbital phase. The digits in square brackets refer to the uncertainties in the
corresponding last digits shown, e.g., 0.051[1] is the same as 0.051± 0.001, and 98[12] is the same as 98± 12.

ID Ro B vrel log10Pspi,sb log10Pspi,sb0 log10Pspi,aw log10Pspi,aw0 p-value

[G] [km s−1] [erg s−1] [erg s−1] [erg s−1] [erg s−1]

Kepler-1558 0.5730.007−0.007 40030−30 90[23] 24.10.8−0.7 25.80.8−0.7 21.80.6−0.6 21.30.9−0.8 0.93[1]

L 98-59 0.700.06−0.06 31050−40 100[11] 23.60.5−0.4 25.30.6−0.5 21.70.3−0.3 21.00.6−0.5 0.92[2]

Kepler-367 0.620.02−0.02 37040−30 −80[21] 21.80.8−0.7 23.50.8−0.8 20.80.6−0.6 18.80.9−0.9 0.87[2]

Kepler-42 0.270.12−0.08 1000900−400 140[14] 261−1 281−1 22.70.7−0.8 231−1 0.84[3]

Kepler-55 0.470.01−0.01 51060−50 120[30] 25.30.8−0.7 27.10.8−0.7 22.90.5−0.6 22.60.9−0.8 0.84[2]

Kepler-862 1.730.09−0.08 10010−10 120[30] 24.60.9−0.7 25.90.9−0.8 22.90.7−0.6 22.21.0−0.9 0.77[3]

GJ 3082 0.100.02−0.02 2600100−100 −60[19] 24.30.9−0.9 26.60.9−0.9 21.90.8−0.8 211−1 0.7[2]

GJ 674 0.360.04−0.04 700200−100 80[16] 24.60.9−0.9 26.51.0−0.9 22.50.7−0.7 21.61.0−0.9 0.7[2]

GJ 3323 0.10.1−0.1 200029000−2000 60[13] 233−2 253−2 20.71.2−1.0 192−2 0.6[2]

TAP 26 0.0430.010−0.009 2900200−200 −1400[265] 28.30.8−0.8 30.60.8−0.8 26.60.6−0.6 26.40.9−0.9 0.6[2]

TRAPPIST-1 0.00630.0004−0.0004 3600600−500 45[2] 24.50.1−0.1 26.80.2−0.2 21.370.08−0.08 21.10.1−0.1 0.55[5]

YZ Cet 0.2600.003−0.003 1100200−200 85[5] 23.80.4−0.4 25.80.5−0.5 21.50.3−0.3 20.80.4−0.4 0.5[3]

KOI-12 0.210.03−0.03 1500700−400 −1300[458] 27.41.1−1.0 291−1 26.20.8−0.8 261−1 0.54[1]

HAT-P-11 1.20.1−0.1 16030−20 100[21] 24.60.6−0.6 26.00.7−0.6 23.00.4−0.4 21.90.7−0.7 0.534[8]

K2-354 0.130.03−0.03 26001700−900 70[17] 24.90.9−0.8 27.21.1−0.9 22.00.6−0.6 21.71.0−0.9 0.51[2]

Kepler-249 0.530.05−0.06 440110−70 100[26] 24.10.8−0.7 25.80.9−0.7 22.00.5−0.5 21.30.9−0.8 0.50[2]

GJ 687 0.730.08−0.08 30060−40 18[4] 21.50.8−0.8 23.10.9−0.8 20.10.7−0.7 17.90.9−0.9 0.4[2]

Kepler-705 0.330.04−0.04 800300−200 −80[21] 21.90.8−0.7 23.80.9−0.8 20.90.5−0.6 18.80.9−0.9 0.43[2]

Proxima Cen 0.270.03−0.03 1100400−200 40[14] 221−1 241−1 20.00.9−0.9 181−1 0.3[2]

Kepler-1646 0.0370.004−0.005 2900300−200 −20[5] 241−1 261−1 20.60.8−0.8 201−1 0.27[1]

Kepler-396 0.930.02−0.02 2198−6 −130[33] 231−1 251−1 22.21.0−0.8 202−1 0.22[2]

K2-25 0.01380.0003−0.0003 3300400−400 −80[33] 25.61.2−1.0 281−1 22.80.9−0.9 221−1 0.18[3]

AU Mic 0.120.01−0.01 2600100−100 −60[11] 25.70.5−0.5 28.00.6−0.5 22.80.4−0.4 22.50.6−0.6 0.12[2]

TOI-540 0.00350.0001−0.0001 3800700−600 −80[19] 25.20.8−0.7 27.60.8−0.8 22.00.6−0.6 22.10.9−0.9 0.084[9]

HIP 67522 0.1530.006−0.006 2100600−400 −460[28] 28.00.4−0.4 30.20.4−0.4 25.70.2−0.2 25.80.4−0.4 0.0056[5]

Kepler-411, a binary system for which the flare contri-

butions from each component could be separated, but

which was excluded due to its flares’ low ED. We also

dropped GJ 1061 from the final sample because its ro-

tation period was unconstrained. Another uncertainty

in our analysis is the possibility of additional planets at

even shorter orbits than the currently known innermost

planet, such as might be the case for Proxima Cen (see

Section 4.5.2).

The bulk of the systems in our sample are neither ex-

pected to show high power of magnetic SPI, nor do they

show any. In Section 4.5.2, in the subsample of stars

with high expected power, of the order of AU Mic’s and

above, we first take a closer look at those that seem to

follow an increase in measured flaring SPI with increas-

ing expected power Pspi, that is AU Mic itself, K2-25,

TOI-540, and HIP 67522. Then we consider those sys-

tems where high power was expected in all scenarios,

but not measured: TAP 26 and KOI-12.

4.5.1. Excluded targets

While they appear in the flare catalog (Table 2), we

excluded a number of systems from further analysis. We

drop all multiple stars except for Proxima Cen (whose

components are well separated both physically, and on

the sky), and all stars with nearby objects that contami-

nate our analysis, e.g., from Gaia DR2 and ground-based

adaptive optics (Ziegler et al. 2018): Kepler-1627 (Kraus

et al. 2016), Kepler-636 (Baranec et al. 2016; Ziegler

et al. 2018; Kraus et al. 2016), Kepler-808 (Baranec et al.

2016; Ziegler et al. 2018; Kraus et al. 2016), Kepler-

155 (Baranec et al. 2016; Ziegler et al. 2018), DS Tuc

A (Newton et al. 2019), TOI-837 (Bouma et al. 2020),

Kepler-1651 (Kraus et al. 2016), HD 41004 B (Zucker

et al. 2004), LTT 1445 A (Winters et al. 2019).

For instance, Kepler-808 (KOI-1300) has a ∼ 0.4M⊙
(Kraus et al. 2016) companion that is about 1.8

mag fainter than the primary at a separation of

0.78′′ (Baranec et al. 2016). TOI-837 has co-moving

M dwarf a few arcsec away in the same young cluster,

5 mag fainter, but the primary is an F9-G0 star, so
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Figure 3. Time span of observation vs. coherence time
of the rotational (upper panel) and orbital (lower panel)
periods, respectively. Orbital periods are typically known
precisely enough, so that the phase uncertainty at the last
observed flare is of the order of 10−2. In contrast, rotation
periods are usually less well constrained, so that the phase
of the last flare is often undetermined (ratio on x-axis ≥ 1). §

flares could still originate from both stars (Bouma et al.

2020). HD 41004 B, DS Tuc A, and LTT 1445 are known

multiple systems where all components contribute sig-

nificantly to the total TESS flux.

Kepler-411—Kepler-411 has a 3 mag fainter compan-

ion (Wang et al. 2014; Ziegler et al. 2018), but we do

not exclude it from the analysis initially. The system

was observed in Kepler short cadence by Jackman et al.

(2021), who found that both the planet host, and the

companion star flare. The authors were able to disen-

tangle the contributions from each component on a pixel

level. According to Morton et al. (2016); Sun et al.

(2019), Kepler-411’s planets orbit the primary compan-

ion. The fainter companion of Kepler-411 appears to

cause the majority of flares (41), whereas the planet

host causes only 7. Adopting the 7 flares from Jackman

et al. (2021) in our analysis, we find that they all have

equivalent duration ED < 1 s, which excludes Kepler-

411 from further analysis. Note, however, that we did

not find the low energy flares to cluster in orbital phase,

either, after applying our AD test procedure to the 7

correctly attributed flares.

4.5.2. Prominent systems

Proxima Cen—Although Proxima Cen is part of a triple

stellar system, we treat it a single star in this work be-

cause of the large angular separation of over 2 deg to its

companions, α Cen AB. We do not detect a deviation

from intrinsic flaring on Proxima Cen, consistent with

numerical models that place Proxima Cen b well outside

the sub-Alfvénic zone (Alvarado-Gómez et al. 2020a;

Kavanagh et al. 2021; Garraffo et al. 2022). However,

this might not entirely rule out flaring SPI in Proxima

Cen. The tentatively detected Proxima Cen d, a planet

further in, at 0.029 au, or 5 day orbital period (Faria

et al. 2022; Artigau et al. 2022) could still cause flar-

ing SPI. Depending on the phase of the activity cycle,

Proxima Cen d may be in the sub-Alfvénic regime dur-

ing Proxima Cen’s activity maximum (Alvarado-Gómez

et al. 2020a). However, the orbital period of the tenta-

tive planet is so uncertain at this point that its coher-

ence time (Section 4.2) is shorter than the roughly 2 yr

observing baseline of Proxima Cen, preventing us from

accurately measuring the flare phases.

AU Mic, K2-25, and TOI-540—AU Mic is a 16-29 Myr

old pre-main sequence M0-M1 dwarf with a strong mag-

netic field of about 3010± 220G obtained from Zeeman

broadening measurements (Reiners et al. 2022). The

innermost Neptune-sized planet, AU Mic b, could be in-

side the sub-Alfvénic zone if the star’s mass loss rate

is relatively low at about 30 times the solar value or

lower (Alvarado-Gómez et al. 2022). If the mass loss

rate is high, exceeding the solar value by a factor of

several hundreds, AU Mic b could orbit in the super-

Alfvénic zone, and become unable to experience any

planet-induced flaring. Recently, Klein et al. (2022)

found tentative periodicity with the orbital period of

AU Mic b in the chromospheric He I D line, which in-

creases if the contribution from flares is included in the

calculation. Overall, our marginal signal of flaring SPI

in the AU Mic system supports the idea that this young,

magnetically active M dwarf system with a close-in Nep-

tune could exhibit planet-induced flaring. For a detailed

discussion of AU Mic and its flaring SPI, we refer to Ilin

& Poppenhaeger (2022), where we also estimate that an

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_coherence_histogram.py
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Figure 4. Cumulative distributions of orbital phases of flares in the transiting planet hosts observed by Kepler and TESS,
sorted by number of flares from top to bottom. The bisector line is dotted, the expected distribution is solid blue, and the
observed distribution is solid black. Phase zero corresponds to the transit mid-time of the planet. §

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_cumdist_individual_transiting.py


15

Figure 5. Cumulative distributions of orbital phases of flares in the non-transiting planet hosts observed by Kepler and TESS,
sorted by number of flares from top to bottom. The bisector line is dotted, the expected distribution is solid blue, and the
observed distribution is solid black. Phase zero is chosen arbitrarily. §

additional 50–100 days of TESS-like monitoring of AU

Mic would yield a 3σ detection if the marginal signal in

our data is real.

K2-25 is a multiplanet system around a fast rotat-
ing (Prot < 2 d) mid-M dwarf in the Hyades open clus-

ter (600-800 Myr, Stefansson et al. 2020). Both the

expected power of interaction, and the measured devi-

ation, are remarkably similar to the AU Mic system.

Interestingly, K2-25 b is in a presumably similar envi-

ronment to GJ 436 b, but does not show the atmospheric

escape in Lyα that the latter famously exhibits, which

might be due to high speed stellar winds that suppress

atmospheric escape (Rockcliffe et al. 2021; Carolan et al.

2020; Vidotto & Cleary 2020). As strong winds push the

Alfvén surface to smaller radii, further investigation of

magnetic SPI, flaring or otherwise, in this system could

add an important constraint on K2-25’s wind properties

by clarifying whether the planet orbits in- or outside the

Alfvén radius, especially accounting for its moderately

high eccentricity (see also Section 5.2).

In Figure 6, K2-25 and AU Mic form a cluster with

TOI-540 – a fast rotating M dwarf with its innermost

planet in a 1.24 d orbit (Ment et al. 2021). Compared

to the other two systems, its innermost planet is not

a Neptune, but a rocky planet slightly smaller than

Earth (Ment et al. 2021). It is a relatively smaller obsta-

cle in the host’s magnetic field, yet the interaction is ex-

pected to be of a similar magnitude due to the strongest

inferred stellar magnetic field, and closest orbit among

the three systems.

In the stretch-and-break scenario, and the Alfvén wing

scenario with a magnetized planet, the three systems

cluster together distinctly (Figure 6, and top and mid-

dle panel in Figure 7). In the Alfvén wing scenario with

an unmagnetized planet (bottom panel in Figure 7), the

distinction is less clear. In both cases, the low level

(or possible absence) of interaction could be due to the

Alfvén radius being within the planetary orbit. It is

important to note that the scaling laws introduced in

Section 3.5 assume that the planet is sub-Alfvénic, but

make no statement about it, because the mass loss of

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_cumdist_individual_rv.py
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Figure 6. Expected power of magnetic SPI vs. AD test results, assuming the stretch-and-break scenario with an unmagnetized
planet. The vertical and horizontal grey lines denote the uncertainties quoted in Table 3. While no individual system amounts
to a > 3σ detection, the global trend is intriguing: Systems with low expected power show no deviation from random intrinsic
flaring (i.e. high p-values in the left half of the Figure). In contrast, systems with high expected power show two branches. One
where the significance of interaction increases with power, and one without such a trend. See Fig. A1 in the Appendix for the
same figure, color-coded by Rossby number. §

these stars is largely unconstrained. All else equal, a

planet is more likely sub-Alfvénic if the stellar magnetic

field is strong (see Section 5.1 to see that the three plan-

ets are likely sub-Alfvénic). Another explanation is the
possible intermittency, or ’on-off nature’ of the interac-

tion (Shkolnik et al. 2008), which may be at play, partic-

ularly in cases where the expected power is very strong,

such as in the comparison between HIP 67522 and TAP

26 that we address in the following.

HIP 67522—has one of the strongest expected SPI sig-

nals in our sample, and shows the clearest sign of flar-

ing SPI at > 2.5σ level (p < 0.006), with 12 flares in

the sample, distributed across three Sectors in TESS.

In our original sample from July 2022, HIP 67522 was

observed for two Sectors with a total of 6 flares, which

yielded a p-value of 0.015. In June 2023, observations

from Sector 64 were released, which we used to follow up

on this interesting target, increasing the number of flares

by another 6, reducing the p-value further to 0.0057.

HIP 67522 is a young Sun, currently contracting onto

the main sequence. It is a Sco-Cen member (10-20 Myr

old), which was discovered to host a close-in Jupiter,

HIP 67522 b, in 2020 (Rizzuto et al. 2020). Curi-

ously, the planet is in close spin-orbit commensurabil-

ity – Prot/Porb ≈ 1/5. Therefore, we cannot completely

rule out that the observed periodicity is in fact a rota-

tional periodicity, and not related to the planet. The

p-value of the AD test using the rotational period in-

stead of the orbital period is p = 0.18. However, the

rotational period is very uncertain relative to the total

observing baseline (coherence time of about 100 days,

and observing baseline of several years), so this number

is unreliable.

TAP 26—is a weak-line T-Tauri star with a strong mag-

netic field (Yu et al. 2017). Lanza (2018) estimate that

the system can release more energy in magnetic SPI than

other systems with Hot Jupiters, such as HD 179949,

that has previously been detected with chromospheric

variability in phase with the planet’s orbit (Shkolnik

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_adtest_vs_value_scatterplots.py
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Figure 7. Same as Fig. 6, but for three other scenarios for
magnetic SPI. While the distribution of p-values is consis-
tent with no interaction, all scenarios indicate lower p-values
only for high expected powers of interaction. Top panel:
stretch-and-break scenario with a magnetized planet. Mid-
dle panel: Alfvén wing scenario with a magnetized planet.
Bottom panel: Alfvén wing scenario with an unmagnetized
planet. See Fig. A1 in the Appendix for the same figure,
color-coded by Rossby number. §

et al. 2008). However, for TAP 26 b, the orbital period

might not be well-constrained. Yu et al. (2017) apply

several methods to derive Porb from the radial velocity

data: While the 10.8 d orbit we adopted is the most

likely according to Yu et al. (2017), a 9.0 d orbit is also

likely, and some of their applied methods favored a 13.4 d

period. The absence of interaction could hence be a con-

sequence of uncertain orbital period. However, intermit-

tent interactions and the viewing geometry of TAP 26

could also explain the absence of phase-correlated flar-

ing (see Sections 5.3 and 5.4).

KOI-12—, also known as Kepler-448, is a two-planet

system with an eccentric outer planet KOI-12 c, and an

inner Warm Jupiter KOI-12 b in a 17.8 d orbit (Masuda

2017). With respect to rotation rate, stellar and plane-

tary radius, the KOI-12 system is similar to HIP 67522

and TAP 26 (although for the those young stars the radii

are large because the stars are still contracting onto the

main sequence). In contrast, KOI-12 is 1.4 ± 0.3Gyr

old (Bourrier et al. 2015), an F5 sub-giant (Frasca et al.

2016), which is already evolving off of the main sequence.

Yet, despite its high expected power of interaction, we

detect no excess flaring in phase with KOI-12 b. The

reason could be that KOI-12 b is in fact super-Alfvénic

due to the relatively wide orbit compared to TAP 26

and HIP 67522. Our estimate of the Alfvén radius place

KOI-12 b in the sub-Alfvénic regime (see Fig. 8), but the

scaling law applied there may be inaccurate for post-

main sequence stars. Intermittent interaction might

play a role here as well, and could be favored if future

observations capture episodes during which the interac-

tion is ’on’.

5. DISCUSSION

Our results in Fig. 6 are tentative, yet the trend

between expected power of interaction and measured

clustering of flares in orbital phase is suggestive, as is

the appearance of an active and an inactive branch at

high expected powers of magnetic SPI. We can now

consider additional facts about the systems, as well as

processes, that may explain the observed trends. We

consider the extent of the Alfvén radius that decides

over the possibility of magnetic interaction in the first

place (Section 5.1), and how orbital eccentricity can fur-

ther enhance magnetic SPI signal (Section 5.2). The

observed branching might also be explained by inter-

mittent SPI (Section 5.3), but its possible causes are

not well known. As an alternative explanation, we high-

light the important influence of viewing geometry on

the observability of flaring SPI, which might explain the

absence of magnetic SPI in TAP 26 (Section 5.4).

Magnetic and tidal SPI are difficult to disentangle by

their global effects on stellar activity indicators (Sec-

tion 1.2). Locally, however, we can discriminate be-

tween the two by their relevant periods, that is, Porb

and Porb/2. In Section 5.5, we repeat the analysis in this

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_adtest_vs_value_scatterplots.py


18

Figure 8. Magnetic flaring star-planet interaction strength
(p-value of AD test) vs. the innermost planet’s location rel-
ative to the Alfvén surface radius. The innermost planets
in the systems left of the dashed line (shaded region) are
likely in the sub-Alfvénic regime. Only these planets can in-
duce flares in the stellar atmosphere. See Section 5.1 for the
procedure we used to estimate the Alfvén surface radius. §

paper with Porb/2, and find yet more tentative trends in

line with scaling laws for tidal interaction. In a system-

by-system comparison, we find consistency with the ex-

pectation that slowly rotating, likely old, systems can

only show local tidal interaction, while rapidly rotating

systems with strong magnetic fields are dominated by

magnetic forces.

5.1. Alfvén surface

Magnetic SPI can only take place if the planet spends

at least a part of its orbit in the sub-Alfvénic regime (see

Section 1.1). We estimated the average Alfvén surface

size (ASR) using the power law established by Chebly

et al. (2023):

logASR = (0.44± 0.05) logBmax
r + (0.54± 0.08) (11)

This relation links the mean AS size with the maxi-

mum large-scale radial magnetic field (Bmax
r ) obtained

in Zeeman-Doppler Imaging reconstructions (Donati

et al. 2006; Morin et al. 2008; Fares et al. 2009; Alvarado-

Gómez et al. 2015; Hussain et al. 2016; Kochukhov

2020). The relation was derived from 3D MHD stel-

lar wind simulations of cool main sequence stars (F, G,

K, and M), which used observed ZDI maps as boundary

condition for the stellar radial magnetic field (for more

details on the models see Chebly et al. 2023). However,

the stellar magnetic field (B, Table 3), derived from the

Rossby number (Eq. 3, 4), corresponds to the total, un-

signed magnetic field strength on the stellar surface so

that it is necessary to estimate how Bmax
r is related to

B.

It is important to note that Chebly et al. (2023) as-

sume a consistent Poynting flux per unit magnetic field

strength for all stars, using the value of the Sun as a ref-

erence. The size of the Alfvén surface depends strongly

on this assumption. As such, any variation in the value

between different stars would lead to deviations from the

law proposed in Chebly et al. (2023), and change the

dimensions of the Alfvén surface. Nevertheless, while

the consistency in the Poynting flux appears as a very

strong assumption, the numerical results of Chebly et al.

(2023) fare relatively well when compared with our cur-

rent observational knowledge of stellar winds in cool

main-sequence stars (Wood et al. 2021). For this reason,

we consider that Eq. 11 should be robust enough for our

purposes.

Reiners et al. (2022) report that for Sun-like stars with

a total magnetic field strength of up to 2000 G, the longi-

tudinal magnetic field derived from Stokes V spectropo-

larimetric observations (BV) accounts for ∼ 10% of the

total magnetic field. Kochukhov et al. (2020) showed

that this trend also holds for M-dwarfs with magnetic

fields up to 4000 G. In this case, however, the recovered

longitudinal magnetic field accounts for about 20% of

the total magnetic field. Moreover, our star sample cov-

ers a wide range of magnetic fields, the weakest being

100 G and the strongest 3800G. Therefore, as a first

assumption, we consider that the longitudinal magnetic

field of our stars would reach 15% of the total magnetic

field (i.e. BV = 0.15B), given that most systems in our

sample have B > 2000G.

The second assumption is thatBV will match the max-

imum radial magnetic field Bmax
r in a ZDI reconstruc-

tion. BV is integrated over the visible surface of the

star. Only if the effect from cancellation of opposite

polarities is small for an observing phase that contains

the strongest large-scale radial magnetic region, will this

assumption hold. At all other rotational phases, we ex-

pect BV < Bmax
r . Therefore, by assuming BV = Bmax

r

we are effectively taking an upper limit on the longitu-

dinal magnetic field strength, which will be translated3

in our estimated values of ASR.

We show the difference between star-planet distance

and ASR in Fig. 8. HIP 67522 b falls most deeply into

the sub-Alfvénic regime, consistent with the strongest

signal of magnetic SPI in our sample. K2-25, TOI-540

and AU Mic also fulfil the condition of sub-Alfvénic or-

3 Naturally this will also depend on how good our 15% match be-
tween B and BV is to reality.

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_as_vs_ad.py
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bit of the innermost planet, consistent with their ob-

served marginal deviation from uniform flaring with or-

bital phase.

TAP 26 and KOI-12 also appear sub-Alfvénic, despite

absent signal of magnetic SPI. From this follows that

the absence of interaction is not caused by the planets

orbiting outside the Alfvén radius. Location inside ASR

is a required but not sufficient condition for magnetic

SPI, as we will see in the following subsections.

5.2. Eccentricity

Orbital eccentricity can affect magnetic SPI by modu-

lating the planet’s distance to the star. If the planetary

orbit is highly eccentric, the difference between perias-

tron and apoastron can be significantly larger than the

variability of the Alfvén radius. If then apoastron is out-

side this radius, and periastron within, the planet may

find itself in the sub-Alfvénic zone only briefly, during

the planet’s rapid periastron passage. This was previ-

ously exploited in the case of HD 17156 (Maggio et al.

2015), and analogously for the colliding magnetospheres

in binary systems (Massi et al. 2002; Getman et al. 2016;

Das et al. 2023). In our sample, the estimates for eccen-

tricities of the innermost planets are all moderate to low,

with e ≤ 0.35. The exception is K2-25, with a relatively

high e ≈ 0.43. If periastron passage in K2-25 occurs

when the planet is in front of the star relative to the

observer, the visibility effect of the interaction footpoint

is further increased by the narrow phase range of the pe-

riastron passage. Stefansson et al. (2020) estimated the

argument of periastron ω = 120+12
−14 deg for K2-25 (with

longitude of the ascending node chosen such that ω is the

same as the longitude of periastron, with ω = 90deg be-

ing periastron passage during transit, see Kipping 2010;

Dawson & Johnson 2012). We can therefore conjecture

that the tentative signal of flaring SPI in K2-25 is en-

hanced by eccentricity. Statistically, we are more likely

to observe a planetary transit close to periastron, since

periastron permits more orbital inclinations to transit

than apoastron. Overall, we expect eccentric transiting

systems to experience elevated SPI signal, which could

be tested in the future when better constraints on ec-

centricity become available (see Table 1).

5.3. Intermittency

Magnetic SPI power in a star-planet system may

sometimes be low for episodes of time, and high for oth-

ers. HD 179949 is the prototype example for this phe-

nomenon. The orbital modulation of its chromospheric

indicators was observable for four out of six epochs on

a five-year baseline (Shkolnik et al. 2003, 2008). It is

not clear how long a continuous epoch of interaction or

non-interaction might be. This leaves room for many

different explanations. Candidate mechanisms for the

star include:

• the Alfvén radius moving in- and out the planet’s

orbit, either over the course of an activity cycle,

or through short-term variations in the magnetic

field and wind properties caused by, e.g., coronal

mass ejections;

• the interacting footpoint moving to higher lati-

tudes due to changes in the large scale field, which

reduces the modulation of its visibility;

• an active latitude (i.e., small scale field) moving

away from the magnetic footpoints passageway;

• the available magnetic energy decreasing such that

the flares or other magnetic interaction indicators

still occur but fall below the detection threshold

for a period of time; or

• the availability of a sufficient amount of plasma

in the vicinity of the magnetic interaction region

to yield significant observable flare emission in

the stellar atmosphere (in analogy to the Jupiter-

Io system, wherein Io’s volcanism provides the

plasma that eventually produces an interaction

hotspot on Jupiter, Clarke et al. 1996; Prangé

et al. 1996)

If the magnetic field of the planet also changes over

time, this might modulate the intensity as well (e.g.

Turnpenney et al. 2018).

The location of active regions within the passageway

of the magnetic footpoints may be such that the inter-

action occurs only when the region faces away from the

observer. This could span multiple orbits of the planet,

particularly when the surface is populated by few sta-

ble active regions, and the orbital and rotational periods

are similar. The flip-flop behavior of active longitudes

seen in young solar-like stars (Berdyugina 2005) could

then cause a relatively sudden quenching of interaction

by moving the interacting region out of view for a period

of time.

In our results in Fig. 6, we can interpret the two

branches emerging at high expected power of interac-

tion as due to intermittency. TAP 26 and KOI-12 do

not show any sign of excess flaring in our data, despite

similar expected powers as in HIP 67522 with its > 2.5σ

signal. However, other explanations cannot be ruled out

yet (see Section 4.5, and the following).

5.4. Viewing geometry
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Modulated visibility of the magnetic interaction foot-

point is crucial for the detection of flaring SPI in our

analysis (Fig. 1). The viewing geometry of the star-

planet system is therefore important to consider as an

alternative to, or explanation for, the intermittency dis-

cussed above. Assuming for the sake of the argument

that the sub-planetary point is close to the magnetic in-

teraction footpoint in longitude, two factors will deter-

mine whether the footpoint’s visibility will be modulated

with the planetary orbit or not: the orbital inclination

and the footpoint’s latitude relative to it.

Consider a system, where orbit, and stellar spin and

stellar magnetic dipole are aligned (Fig. 1). If the mag-

netic footpoint’s latitude is low, i.e., close to the orbital

plane, the orbital plane can be inclined to a high degree,

and the footpoint will still periodically move in and out

of view. However, if the footpoint’s latitude is high, we

need to observe the star-planet system nearly edge-on

to be able to measure a modulation of activity with the

planet’s orbital phase. Assuming the dipole field domi-

nates at the distance of the planet, the footpoint will be

close to the pole, similar to the UV spot created by Io

and the other moons in the polar cap of Jupiter (Clarke

et al. 1996; Prangé et al. 1996). In this scenario, many,

especially non-transiting, systems may experience flar-

ing SPI, but those would not show up as correlation of

flare timing with the orbital phase in our data.

Most of our systems are transiting. For those we

can expect this scenario to be a minor problem unless

the latitude of the footpoint is very high. Of the sys-

tems that have high expected power but do not show

any excess flaring, only TAP 26 has a planet detected

in radial velocity with a relatively high orbital inclina-

tion of about 55 ± 10 deg inferred from photometry,

spectroscopy, and Zeeman Doppler measurements in Yu

et al. (2017). Their ZD map reveals magnetic field con-

centrations close to the rotational pole, and the bright-

ness maps also show a dark spot in the same location. If

the orbital plane axis is aligned with the stellar rotation

axis, the absence of phase-correlated flaring in TAP 26

could be explained by the footpoint of interaction being

always in view, and therefore never modulated.

However, alignment between orbital, rotational and

magnetic dipole axis is not generally given. Many plan-

ets orbit their hosts nearly pole-on (Albrecht et al.

2012, 2022; Bourrier et al. 2023). T Tauri stars show

somewhat misaligned magnetic axes relative to their

spin (McGinnis et al. 2020). In Sun-like stars, the mag-

netic dipole axis location changes throughout the ac-

tivity cycle (Petit et al. 2009; Boro Saikia et al. 2018),

which may also cause temporary cessation of visibility.

Orbital precession of misaligned planets can also cause

such intermittency, if it periodically brings the foot-

points trajectory on the stellar surface fully into view

so that it is no longer modulated.

5.5. Tidal interaction

5.5.1. Locally expressed tidal interaction

Tidal interaction can also lead to enhanced stellar ac-

tivity, globally, and locally, e.g., higher coronal emis-

sion (Ilic et al. 2022), or excess flaring. Locally, we

expect to see a periodicity of activity with half the

orbital period of the planet, corresponding to the two

tidal bulges forming in the stellar envelope (Cuntz et al.

2000). Holzwarth & Schüssler (2003) suggest an asym-

metry induced in the stellar dynamo by the tidal dis-

turbance, which could lead to a preference for active

regions (potentially flaring) at longitudes about Porb/2

apart from each other.

No observations of local tidal SPI exist yet. However,

in the extreme case of RS CVn binaries, starspots often

appear modulated with half the orbital period of the

system (Oláh et al. 2002; Özavcı et al. 2018; Kriskovics

et al. 2023). A similar effect was measured when the

companion was likely a very low mass star or a brown

dwarf (Donati et al. 1995; Frasca et al. 2008; Parks et al.

2021), and in the case of a white dwarf companion (Hus-

sain et al. 2006; Watson et al. 2007). In ellipsoidal bi-

naries, a modulation of flares with Porb/2 beyond ge-

ometrical effects was observed with Kepler (Gao et al.

2016), suggesting flaring regions at the location of the

extreme tidal bulges in these stars. However, all these

systems are synchronized, Prot = Porb, so that intrinsic

active longitudes (Usoskin et al. 2007; Weber et al. 2013;

Järvinen et al. 2005; Lanza et al. 2009) cannot be dis-

ambiguated from the result of tidal star-star interaction
(Holzwarth & Schüssler 2003).

If it is the stellar companion that tidally causes the

observed effects, planetary companions should do the

same, albeit at a smaller magnitude. Fortunately, spin

and orbit are not synchronized in our sample, so confu-

sion with intrinsic effects is less likely.

5.5.2. Tidal interaction scaling laws

We cannot tell whether an additional individual flare

is triggered by tidal or magnetic interaction, but we can

look for deviations from a random distribution of flare

times in phase with the relevant period, i.e., Porb/2.

We applied the same technique as described in Sec-

tion 3.2 to determine the significance of a local tidal

SPI signal. Since we lack a model to relate tidally in-

duced flaring to the systems’ properties, we follow Ilic

et al. (2022), and compare the resulting p-values with
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Figure 9. Deviation from random flare times in phase with Porb/2, i.e., in phase with the two tidal bulges raised on the star,
compared to different models of tidal interaction (Section 5.5). Cross symbols mark planets with Mp sin i measurements.
Round symbols mark planets with measured or estimated Mp (see Section 5.5.3). Left panel: Tidal torque in the system
for stars with a convective envelope. Blue color indicates that the star rotates slower than the planet orbits, so that angular
momentum is transferred from the orbit to the spin of the star. Grey color is the reverse. Middle panel: The tidal dissipation
timescale. Right panel: Relative gravitational perturbation in the star. §

three different scaling laws for tidal interaction as prox-

ies for expected excess flaring due to tides in Fig. 9. We

list the derived values in Table 4.

The first model measures the torque ∂Lconv/∂t, ex-

erted by angular momentum transfer between star

and planet, assuming the star has a convective enve-

lope (Penev et al. 2012, their Eqns. 1 and 2). We choose

the tidal quality factor Q∗ = 107, i.e., low efficiency of

tidal dissipation, as a conservative estimate. Our re-

sults in Fig 9 (left panel) do not depend on the choice

of Q∗, as we only need to know the tidal torque down to

a proportionality factor. We also make the simplifying

assumption that the rotation period of the convective

envelope is the same as the surface rotation period mea-

sured as described in Section 2.5, ignoring differential

rotation effects.

The second model considers the tidal dissipation

timescale – the shorter the timescale, the higher the

power of the interaction (Zahn 1977). Following Ilic

et al. (2022), we adopt Eq. 2 in Albrecht et al. (2012)

for the tidal dissipation timescale in the convective en-

velope. We assume that all stars in our sample have a

convective envelope because they flare, and flaring re-

quires a dynamo-generated magnetic field, which can

only operate in stars with convective envelopes or fully

convective stars. Most of our stars are dwarf stars below

the Kraft break at spectral type F5 (Kraft 1967), except

for KOI-12, which is an F5 sub-giant (Frasca et al. 2016).

The third model uses the gravitational perturbation as

a proxy for the interaction (Cuntz et al. 2000), originally

derived for SPI. Their Eq. 1 proposes a gravitational per-

turbation proportional to the mass ratio between planet

and star, and a−3.

5.5.3. Planetary and stellar masses

We collect the planetary and stellar masses from the

literature (Table 4). For missing planetary masses, the

radii were known, so we used the mass-radius relations

implemented in astro-forecaster (Ben Cassesse’s im-

plementation of forecaster, Chen & Kipping 2017).

GJ 3323, GJ 674 and GJ 3082 were also missing stel-

lar mass estimates, which we obtained from the (Mann

et al. 2015, 2016) relations between absolute Ks mag-

nitude (Skrutskie et al. 2006) and stellar mass for

M dwarfs using the distances from Bailer-Jones et al.

(2021). For Kepler-42 b, we used Mp = 0.1 − 2.06M⊕
that covers pure rock to pure iron compositions in Muir-

head et al. (2012), and adopted the logarithmic mean

for our estimate. Kepler-1558 c has a similar radius to

Kepler-42 b, i.e., most likely a bare core planet, so we

used density ranging from Earth bulk density to pure

rock to estimate its mass. We also adopt the upper limit

of 5MJ for HIP 67522 from Rizzuto et al. (2020), but

use the lower error from Chen & Kipping (2017). The

assumptions we made here are conservative, and the es-

timates based on Chen & Kipping (2017) use a broad

sample of planets, so we consider the planetary mass es-

timates with their respective uncertainties robust. We

note, however, that the mass estimates for RV-detected

planets are Mp sin i, so that their expected interaction

may be stronger than indicated in Fig. 9.

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_tidal_interaction.py
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Table 4. Flaring tidal star-planet interaction parameters and p-value of the custom Anderson-Darling test.

ID M∗ [M⊙] Mp(sin i) [M⊕] log1010−8∆g/g log10τtide [yr] 10−18 ∂Lconv
∂t

[
M⊙

(
km
s

)2
]

p-value ref. M∗ ref. Mp

TAP 26 1.00.1−0.1 530100−100 1.80.5−0.5 3.80.6−0.5 −3000−20000
3000 0.93 [0.04] 23 23

Kepler-396 0.850.13−0.06 75.711.8−5.7 −0.30.9−0.7 7.90.9−1.4 −0.2−6.4
0.2 0.88 [0.10] 21 21

K2-25 0.260.01−0.01 24.55.7−5.2 0.80.9−0.6 5.80.8−1.3 −8.6−434.2
8.1 0.84 [0.07] 19 19

Kepler-1646 0.240.06−0.06 2.02.1−1.0 −0.41.0−1.0 8.20.3−0.4 −0.03−1.58
0.03 0.78 [0.06] 14 6

Kepler-862 0.880.04−0.05 6.55.6−2.8 0.80.8−0.7 6.00.2−0.4 20550−20 0.73 [0.04] 14 6

Kepler-705 0.530.02−0.02 5.54.1−2.2 −2.20.7−0.6 11.60.2−0.3 −0.00003−0.00047
0.00002 0.69 [0.03] 14 6

Kepler-367 0.680.02−0.02 2.21.8−0.9 −2.10.7−0.6 11.50.2−0.4 −0.00004−0.00107
0.00004 0.58 [0.05] 4 6

HIP 67522 1.220.05−0.05 1589.50.0−1508.3 2.80.2−1.4 1.92.30.2 −300000−200000
300000 0.49 [0.09] 16 6

Kepler-249 0.510.02−0.02 1.30.9−0.5 −0.30.7−0.6 8.10.2−0.5 0.101.71−0.09 0.47 [0.03] 18 6

AU Mic 0.500.03−0.03 20.11.6−1.7 0.70.4−0.3 6.10.4−0.5 −5.2−20.1
3.9 0.44 [0.15] 5 5

Kepler-55 0.630.02−0.02 3.52.5−1.3 0.70.7−0.6 6.20.2−0.5 7.6150.8−6.9 0.43 [0.03] 4 6

GJ 3323 0.1980.004−0.004 2.00.3−0.3 −1.50.7−0.7 10.31.2−1.1 0.00030.0056−0.0003 0.41 [0.09] 11 2

HAT-P-11 0.810.02−0.03 26.72.2−2.2 0.70.4−0.3 6.00.5−0.6 2090−10 0.40 [0.01] 22 17

GJ 3082 0.4870.010−0.010 8.21.7−1.7 −0.60.5−0.4 8.60.4−0.5 −0.02−0.15
0.02 0.39 [0.06] 11 10

YZ Cet 0.140.01−0.01 0.700.09−0.08 −0.50.2−0.2 8.40.2−0.2 0.0110.016−0.006 0.39 [0.07] 20 20

Proxima Cen 0.120.01−0.01 1.30.2−0.2 −1.80.8−0.7 10.91.0−1.3 0.000030.00087−0.00002 0.38 [0.27] 1 1

K2-354 0.430.01−0.01 3.52.4−1.2 −0.080.66−0.54 7.60.2−0.4 0.24.0−0.2 0.34 [0.02] 7 6

GJ 674 0.3760.007−0.007 11.10.3−0.3 0.20.4−0.3 7.00.5−0.6 0.83.0−0.6 0.31 [0.13] 11 3

L 98-59 0.270.03−0.03 0.40.2−0.1 −0.60.5−0.5 8.570.04−0.03 0.010.07−0.01 0.25 [0.02] 8 8

GJ 687 0.400.02−0.02 17.21.0−1.0 −1.30.3−0.3 10.00.4−0.5 0.00080.0023−0.0006 0.23 [0.14] 9 9

Kepler-1558 0.830.04−0.04 0.370.07−0.07 −0.60.6−0.5 8.80.5−0.7 0.030.27−0.03 0.20 [0.02] 14 6

TOI-540 0.160.01−0.01 0.70.5−0.2 0.100.72−0.59 7.30.2−0.5 −0.1−2.8
0.1 0.18 [0.01] 13 6

Kepler-42 0.130.05−0.05 0.51.6−0.4 0.91.3−1.2 5.90.8−0.8 2.5270.9−2.4 0.10 [0.01] 15 15

KOI-12 1.50.1−0.1 3001100−300 1.11.3−1.0 5.24−0.03
−0.43 −200−51800

200 0.09 [0.03] 12 12

References—(1) Anglada-Escudé et al. (2016), (2) Astudillo-Defru et al. (2017b), (3) Bonfils et al. (2007), (4) Burke et al.
(2014), (5) Cale et al. (2021), (6) Chen & Kipping (2017), (7) de Leon et al. (2021), (8) Demangeon et al. (2021), (9) Feng
et al. (2020a), (10) Feng et al. (2020b), (11) Mann et al. (2015), (12) Masuda (2017), (13) Ment et al. (2021), (14) Morton
et al. (2016), (15) Muirhead et al. (2012), (16) Rizzuto et al. (2020), (17) Southworth (2011), (18) Stassun et al. (2019), (19)
Stefansson et al. (2020), (20) Stock et al. (2020), (21) Xie (2014), (22) Yee et al. (2018), (23) Yu et al. (2017),

5.5.4. Tidal vs. magnetic flaring star planet interaction

We find that no single system shows significant signs

of tidal SPI. Overall, the signal in phase with Porb/2

is smaller than with Porb. However, in all three sce-

narios, the sample’s deviation from random flare timing

increases with expected tidal interaction strength. We

can compare the magnetic interaction measurements to

the tidal ones in some of the conspicuous systems:

HIP 67522—does not show signs of tidal interaction,

despite a relatively high expected power. Conceivably,

both effects play a role at the same time, but the tidal

interaction is dominated by magnetic SPI. With more

available observations in the future, and better con-

straints on the expected signal of each type of SPI,

it will become possible to model both simultaneously.

However, with only a total of 12 flares in this work, we

cannot make any strong claims about the contribution

of tidal SPI, except for it apparently being weaker than

the magnetic aspect.

KOI-12,—which lacks signal with Porb despite high ex-

pected power of magnetic interaction, shows elevated

expected and measured tidal interaction. However, we

note that KOI-12 may be evolving off the main sequence,

so that the tidal interaction scaling laws may not apply

for this star.

TAP 26,—which shows no signs of magnetic SPI, does

not show any sign of tidal interaction, either, despite

both being high according to the scaling laws. This

could again be due to the inclination of TAP 26’s or-

bit, but only if the flares caused by the tidal bulge are

not close to the equator. Otherwise, TAP 26’s tidally

induced flares should be more modulated than the mag-

netically induced ones.

Kepler-42 and TOI-540—Kepler-42 is neither expected to

interact magnetically, nor did it show any deviation from

random flare timing in phase with Porb. However, since

it is the system with the shortest planetary orbit in our

sample, it is both expected to and does show marginal

signal of tidal interaction. Kepler-42 is very similar to
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TOI-540, which also is a small M dwarf with a likely ter-

restrial planet in a very short orbit. A key difference is

that Kepler-42 is rotating at about 70 days, and there-

fore expected to have a relatively weak magnetic field,

whereas TOI-540 is a young star with Prot < 1 d. TOI-

540 is expected to have lower tidal interaction strength

than Kepler-42 due to TOI-540 b’s wider orbit, and also

shows a weaker tidal flaring SPI signal in all three sce-

narios.

K2-25 and AU Mic—cluster with TOI-540 in magnetic

SPI – all three show tentative signs of magnetic inter-

action and similar expected powers. But in contrast to

TOI-540, both K2-25 and AU Mic are consistent within

1σ with no observable tidal interaction.

Overall, tidal interaction, if at all present, is less pro-

nounced than magnetic SPI in our sample. However,

if the observed deviations from intrinsic flaring do in

fact represent low level tidal interaction signal, we can

conclude that close-in planets can interact both mag-

netically and tidally. In line with theoretical consid-

erations (Strugarek et al. 2017), our results tentatively

suggest that magnetic interaction is more pronounced

for planets with fast rotating, active hosts, while tidal

interactions dominate systems with slowly rotating, in-

active stars. Finally, exceptions such as TAP 26 exem-

plify that the simple scaling laws we applied here may

not capture the complexity of the interaction.

6. SUMMARY AND CONCLUSIONS

We conducted the so far largest search for flaring

star-planet interactions (SPI). Using over 7200 Quar-

ters and Sectors of photometric monitoring from Ke-

pler and TESS archives, we searched for flares in over

1800 systems of the about 3000 listed in the NASA Ex-

oplanet Archive. When flares could be unambiguously

attributed to the planet host, and showed three or more

energetic events in the data, we searched for flares that

clustered in orbital phase. Our final sample consisted

of 25 systems, among them well-known flaring hosts like

Proxima Cen, AU Mic, and TRAPPIST-1.

Applying both the stretch-and-break and Alfvén wing

mechanisms for magnetic star-planet interaction, we

found a tentative trend between the expected power of

interaction, and the presence of excess flaring in phase

with the orbital period Porb. In particular, we found

that there may be two branches at high expected power

– one where the measured orbital clustering increases

with power, and one without a trend. While it is unlikely

that the extent of the Alfvén surface is a reason, inter-

mittency in the interaction and the viewing geometry

of the systems could explain the branching. Among the

investigated systems, the flares in HIP 67522, a young

Sun-like Hot Jupiter host, cluster most distinctly in or-

bital phase, consistent with its deep embedding in the

sub-Alfvénic zone and its high expected power of inter-

action.

We also searched the same data for signs of locally ex-

pressed tidal interaction, that is, excess flaring in phase

with the tidal bulges (Porb/2). We found a similar trend

with different scaling laws of tidal interaction, albeit at

even lower significance. Our system-by-system compari-

son suggests that young systems, like HIP 67522, may be

dominated by magnetic interaction, whereas old, mag-

netically inactive systems, like Kepler-42, might mostly

interact tidally.

Our study is the first that systematically searched for

flaring SPI in a large sample of systems with excellent

phase coverage. While our results remain tentative, fu-

ture studies using our technique will benefit from accu-

mulating data. The TESS mission continues to produce

high precision light curves for many nearby active planet

hosts, and the PLATO (Rauer et al. 2014) mission will

join in late 2026. For AU Mic, we may be only a few

TESS Sectors away from a 3σ level confirmation (Ilin &

Poppenhaeger 2022) of the tentative interaction signal

observed here and in other work (Klein et al. 2022), and

similarly for HIP 67522. Several systems in our sample

are already scheduled for further observing with TESS,

including Kepler-42, and KOI-12.
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Preusse, S., Kopp, A., Büchner, J., & Motschmann, U.

2006, Astronomy and Astrophysics, 460, 317,

doi: 10.1051/0004-6361:20065353

Priest, E. R., & Forbes, T. G. 2002, The Astronomy and

Astrophysics Review, Volume 10, Issue 4, pp. 313-377

(2002)., 10, 313, doi: 10.1007/s001590100013
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APPENDIX

A. EXPECTED POWER VS. AD TEST, COLOR-CODED BY ROSSBY NUMBER

Figure A1. Expected power of flaring SPI vs. AD test results, assuming the same four scenarios as in Figures 6 and 7, here
color-coded by Rossby number. Ro = 0.3 is chosen to mark the transition from the saturated (Ro < 0.3) to the unsaturated
(Ro > 0.3) activity regime. §

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_adtest_vs_value_scatterplots.py
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B. FINDING FLARES IN KEPLER AND TESS: FALSE POSITIVES

Figure B1. True and false positive flare candidates in Kepler and TESS light curves. Left panel: A flare in the TESS 2-min
cadence light curve of GJ 3323 in Sector 5, with its characteristic fast-rise-exponential-decay shape, and additional substructure
around the peak. Middle panel: Kepler-235 with a possible argabrightening in the 1-min cadence light curve in Quarter 14.
Argabrightenings are few-minutes long reflections of light off of debris and onto the detector (Van Cleve & Caldwell 2016). The
reflections affect large parts of the detector, so that this event can be identified as a false positive by its common occurrence
across many light curves. Right panel: K2-77 with a Solar System Object (SSO) moving across the TESS detector in the
2-min cadence light curve in Sector 44. SSOs produce smooth and nearly symmetrical brightenings as they move in and out of
the aperture of the star. They can also (partially) be identified with known SSOs (Berthier et al. 2006, 2016). §

C. ANDERSON-DARLING A2 STATISTIC

Figure C1. The distribution of 10000 samples of the A2 statistic for HIP 67522. A value of A2 is calculated by drawing a fixed
number of flares at random orbital phases. The fixed number has to be the same as the number of the flares that were observed
in reality. Then, one takes the orbital phases of these observed flares, and compares their A2 value to that of the distribution.
An observed A2 value in the tails of the distribution means that flares do not occur at random orbital phases, but instead cluster
in phase with the planetary orbit, suggesting that the planet triggers at least some of those flares. Here, we show the A2 values
that would correspond to 1, 2, and 3σ detections of clustering in orbital phase as black vertical lines, along with the measured
A2 value for HIP 67522 as red vertical line. §

https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_false_positives.py
https://github.com/ekaterinailin/flaring-spi-paper/blob/56083d76638e9256268fbe85bac4334bdbd93048/src/scripts/paper_example_ad_dist.py
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