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ABSTRACT

Planets that closely orbit magnetically active stars are thought to be able to interact with their magnetic fields in a way
that modulates stellar activity. This modulation in phase with the planetary orbit, such as enhanced X-ray activity,
chromospheric spots, radio emission, or flares, is considered the clearest sign of magnetic star-planet interaction (SPI).
However, the magnitude of this interaction is poorly constrained, and the intermittent nature of the interaction is
a challenge for observers. AU Mic is an early M dwarf, and the most actively flaring planet host detected to date.
Its innermost companion, AU Mic b, is a promising target for magnetic SPI observations. [JiiScOODCaIRISI

NSO DSEesl. 11 the_about 50 days of observations, the flare distributions with

orbital, rotational, and synodic periods were generally consistent with intrinsic stellar flaring. We found the strongest
deviation (p =0.07, n="71) from intrinsic flaring with the orbital period of AU Mic b, in the high energy half of our
sample (ED > 1s). If it reflects the true SPT signal from AU Mic b, extending the observing time by a factor of 2—3
will yield a > 30 detection. Continued monitoring of AU Mic may therefore reveal flaring SPI with orbital phase,
while rotational modulation will smear out due to the star’s strong differential rotation.

Key words: stars: individual: AU Mic — planet-star interactions — stars: flare — planets and satellites: individual: AU
Mic b

1 INTRODUCTION 2016; Fischer & Saur 2019), flaring SPI remains an elusive
Fl loct . losi i the stoll phenomenon. One interpretation is that the interaction is so
ares afe eleciromagnetic explosions in the stellar cotona weak and intermittent that the system has to be observed

that are driven by the dynamics of the sur.face ma.gne.tlc for many orbits of the interacting planet before SPI flares be-
fields (Benz & Giidel 2010). They can be triggered intrin- . N
come measurable against the background of intrinsic, stochas-

sically by the star in isolation, but also by magnetic star- g, o (Shkolnik et al. 2008; Lanza 2009; Saur et al. 2013;
planet interaction (SPI). In SPI flares, the event is induced Strugarek et al. 2015)

by the re-connection of stellar and planetary magnetic field Rega;:ently AU Mic .an MO-M1 (Pecaut & Mamajek 2013;
lines (Saur et al. 2013; Lanza 2018; Fischer & Saur 2019). Gaidos et al. 2014) pre-main sequence dwarf star, and a mem-

Flor thlsb‘?s Occtir’tthte planet n?}llSt ILZV()l:eua rozrllfd jche starfm ber of the B Pic young moving group, which is 16 —29 Myr
©¢108€ Orbit, 50 that 1b Moves witiih the stelar Aflven zone for old (Malo et al. 2014; Binks & Jeffries 2014; Mamajek &

at le?,st a fraction of its qrblt. When the planet is within the Bell 2014; Bell et al. 2015; Binks & Jeffries 2016: Shkol-
Alfvén zone, the magnetic field and the energy transported . . . .
. . nik et al. 2017; Miret-Roig et al. 2020), was discovered to
along the field lines as particles or waves can fall back on to . . .
be a favorable candidate for magnetic star-planet interac-

the star, thzreas outside of it it would be carried away by tions (Kavanagh et al. 2021). The system hosts two planets
the stellar wind pressure. . . . .
g | studi £ individual svst ith ol . d in close orbits near a 2:1 mean-motion resonance, AU Mic
f\.feria{ i?] le.sto et tua oY ;ms Wil ¢ Ese-ln a.leh :}f- b and AU Mic ¢ (Plavchan et al. 2020; Martioli et al. 2021),
comtric Lot JUpILers Teport excess Harg in phase wWith the i 1 asses My = 11.74£5.0Ms and M. = 22.2+6.7M (Zicher
planet or close to periastron (Shkolnik et al. 2005; Pillitteri
. L. et al. 2022). Several papers reported system parameters of
et al. 2011; Maggio et al. 2015), but in light of many non- . o
detecti ¢ q i simil N (Figuei t al AU Mic based on photometry from the Transiting Exoplanet
clections of excess Hares 1. simiiat systems {Figuetra et al. Survey Satellite (TESS, Ricker et al. 2014), the CHEOPS
mission (Benz et al. 2021), and HARPS (Mayor et al. 2003)
spectroscopy (Plavchan et al. 2020; Cale et al. 2021; Gilbert
* E-mail: eilin@aip.de et al. 2022; Zicher et al. 2022), which are mutually compatible
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2 E. Ilin et al.

within uncertainties. In this work, we use the determinations
by Gilbert et al. (2022), who based their analysis on the com-
plete TESS photometry.

AU Mic rotates at a 4.85+0.03 d period (Gilbert et al.
2022), showing strong solar-like differential rotation, a strong,
mostly poloidal large-scale magnetic field of > 400 G, and
several activity indicators that vary in phase with the star’s
latitude-dependent rotation periods (Klein et al. 2021). Op-
tical light curves obtained by TESS confirm previous obser-
vations (Katsova et al. 1999; Robinson et al. 2001; Redfield
et al. 2002) that AU Mic is actively flaring (Martioli et al.
2021).

AU Mic b is a Neptune-sized planet
(Rp =4.19£0.24Ry;, Gilbert et al. 2022) that was first discov-
ered using TESS photometry (Plavchan et al. 2020) with an
orbital period of P,,;, = 8.4630004 +0.000006 d (Gilbert et al.
2022). The system shows strong transit timing variations,
but the mean orbital period Ppesn = 8.4631427 £ 0.0000005
d is similar enough to the instantaneous P, (Szabé et al.
2022) for the purpose of this study. Kavanagh et al. (2021)
predict magnetic SPI with AU Mic b to be observable in the
radio regime, a signal indicative of a phenomenon similar to
the planet-moon interaction observed within the Jupiter-Io
system (Saur et al. 2013). Kavanagh et al. (2021) found that,
based on reconstructions of AU Mic’s magnetic field and
mass loss rate, AU Mic b could reside in the sub-Alfvénic
regime. If this is true, flaring SPI is also possible (Lanza
2018); a recent study even claimed to have visually identified
hints of such an interaction in TESS data (Colombo et al.
2022). In fact, AU Mic is the most actively flaring star among
all currently known exoplanet hosts (Ilin et al. in prep.),
implying that the footpoint of interaction may frequently
pass regions where high magnetic tension has built up, and
therefore trigger flares more easily than in other star-planet
systems.

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

When observational biases are taken into account, the ab-
sence of flaring SPI signal can be informative, too. It favors
models with strong stellar winds that produce a small Alfvén
zone (Kavanagh et al. 2021); weak planetary magnetic fields,
and steady energy transfer channels between planet and star
rather than eruptive, flaring ones (see Section 4).

In this work, we searched the TESS light curves of AU Mic
for statistically reliable signs of flaring SPI. We present our
light curve de-trending and flare finding method in Section
2.2, and the resulting flare catalog in Section 2.2.3. In Section
3, we show how we can combine flare samples from general
time series measurements into a homogeneous data set, and
apply this method to test whether flaring SPI signal is present
in the TESS observations. The main result is shown in Ta-
ble 2. We discuss our results and present our conclusions in
Sections 4 and 5.
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2 OBSERVATIONS
2.1 TESS photometry

The Transiting Exoplanet Survey Satellite (TESS, Ricker
et al. 2014) is an all-sky mission that began operations in
2018, and completed its first full sky scan in April 2020. It is
still observing at the time of writing, collecting nearly con-
tinuous photometric times series in the 600-1000 nm band for
~ 27 d in each observing Sector. Light curves of 232763 stars
observed in 2 min cadence in the first two years of opera-
tions (Sectors 1 to 26) are currently available on the Mikul-
ski Archive for Space Telescopes!. From Sector 27 on, 1000
targets were observed at even higher 20 s cadence each Sec-
tor. AU Mic was observed in Sector 1 at a 2 min cadence,
and in Sector 27 at a 20 s cadence. The light curves reveal
strong rotational variability from starspots, vigorous flaring,
and transits of two planets, AU Mic b and ¢ (Plavchan et al.
2020; Martioli et al. 2021).

2.2 Light curve de-trending and flare finding

Stellar light curves are time series of flux measurements
that vary due to both astrophysical and instrumental effects.
Flares are only one of many phenomena like spot variability,
transits, eclipses, bursts and dips that can be detected in the
data. Accurate automated flare detection algorithms are still
challenging to design (Vida et al. 2021), not least due to this
intrinsically heterogeneous morphology of light curves. We
applied an iterative three-step algorithm to remove all but
the variations caused by flares, and derived a realistic noise
estimate (Section 2.2.1). We then used a o-clipping procedure
to mark flare candidates and calculate their properties (Sec-
tion 2.2.2). The resulting flare catalog is presented in Sec-
tion 2.2.3.

2.2.1 De-trending

Typical flare times range from a few minutes to a few hours,
and rarely exceed one day in duration. Most stellar variability
occurs on longer time scales, except for ultrafast rotational
variability in some stars (Ilin et al. 2021). The light curve
de-trending presented here was implemented with a broad
spectrum of Kepler (Borucki et al. 2010) and TESS light
curve types in mind. Our method consists of three steps, each
of which removed variability on decreasing time scales while
preserving the flare signal:

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

(ii) We iteratively remove strong periodic signal on time
scales between 2 h and 5 d from the light curve. Each itera-
tion first masks outlier points using a padded sigma-clipping
procedure. For this step, single outliers above 3.5¢ are masked

! as of Mar 16, 2022
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as pure outliers. Series of n > 1 data points above 3.50 are
masked as flare candidates, and padded with rounded +/n
masked points before the outliers to capture slow rise phases,
and rounded 2+/n after the series to capture a potential ex-
tended decay phase that flares often display. Then we calcu-
late a Lomb-Scargle periodogram (Lomb 1976; Scargle 1982)
for the light curve, and perform a least-square fit with a cosine
function using the dominant frequency in the periodogram as
a starting point. The cosine fit is then subtracted from the
light curve. We iterate five times or until the dominant peak’s
signal-to-noise ratio drops below 1.

(iii) Finally, we again apply the padded outlier clipping,
and smooth any remaining variability that is not sinusoidal,
first with a 6 h and then with a 3 h window 3rd order
Savitzky-Golay (Savitzky & Golay 1964) filter implemented
in lightkurve as LightCurve.flatten.

These three steps can sometimes miss the very edges of
the light curve, leaving small exponential drops or rises in
the flux that affect the quiescent flux level calculation and/or
produce false positive flare detections. If the first or the last
data point is a 10 outlier in the de-trended light curve, we
fit an exponential growth or decay function to these fringes.

Finally we estimate the noise in the de-trended light curve
using a rolling standard deviation with a 2 h window after
padding outliers in the aforementioned way, but now above
1.506°. We interpolated the masked outliers to arrive at a noise
in the flare regions that is informed by the flux uncertainty
in an adjacent light curve portion.

The result for the light curve in Sector 1 is shown in Fig. 1.
This method is based on AltaiPony (Ilin 2021), an open-
source Python toolkit for flare-focused light curve analysis of
Kepler and TESS data, and was inspired by the iterative ap-
proach in Davenport (2016), who searched the entire Kepler
catalog for flares. We tested this method on a variety of syn-
thetic and real light curves in the TESS and Kepler archives,
so that it can be applied to a larger sample. We provide the
de-trending module and an example script for the use of this
method with TESS short cadence light curves in this project’s
Github repository®.

2.2.2 Flare finding

We searched the de-trended light curves for flare candidates.
For each light curve, we first find an iterative median, and
then apply the threshold method introduced by (Chang et al.
2015) that requires three consecutive positive outliers 3¢
above median for a candidate detection. To these data points
we then add subsequent data points until one of them falls
below a 20 above median threshold to avoid cutting off de-
tectable parts of the flare decay phase. This series of data
points is then flagged as a flare candidate. For each flare,
the pipeline returns the flare start and end points, duration,
amplitude, and equivalent duration (ED) with uncertainties.
The ED is the integrated flare flux Fyy,, divided by the me-
dian quiescent flux Fy of the star, integrated over the flare
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Table 1. Confirmed flare events in the TESS light curves of AU
Mic, sorted by orbital phase of AU Mic b. The remainder of the
table is available in electronic form.

Sec. t; [BTJD] 1y [BTJD] orb. phase a ED [s]
27 2058.2378  2058.2526 0.001 0.007  3.48+0.04
27 2058.2584  2058.2593 0.004 0.002  0.10+0.01
27 2041.3551  2041.3572 0.006 0.002  0.23+0.02
1 1330.4514  1330.4709 0.007 0.003  1.65+0.03
27 2041.3690 2041.3734 0.008 0.003  0.70+0.03
27 2041.6186  2041.6202 0.038 0.002  0.15+0.02
27 2050.1252  2050.1259 0.043 0.003  0.10+0.01
27 2050.1724  2050.1731 0.048 0.001  0.07+0.01
1 1330.8028  1330.8250 0.049 0.002 1.72+0.06
27 2058.7093  2058.7148 0.057 0.004 0.74+0.03

duration (Gershberg 1972):

ED= / gy Fttare®) (1)

Fy

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

2.2.3 Flare catalog

We confirmed 75 flares in Sector 1, and 114 flares in Sec-
tor 27 (see bottom panels in Fig. 1 for examples). We found
more flares in Sector 27 because its six times higher observ-
ing cadence lowers the detection threshold, which can be seen
in the cumulative flare frequency distributions for both Sec-
tors (Fig. 2). Overall, we confirmed fewer flares than reported
by Martioli et al. (2021) who found 162 and 157 flares in
Sector 1 and 27, respectively. However, we confirmed almost
twice as many flares as Gilbert et al. (2022). We attribute
these differences to the respective detection methods. Mar-
tioli et al. (2021) flagged single 2.50 outliers as candidates,
while we required three consecutive data points 3¢ above the
noise. Gilbert et al. (2022) used a Bayesian template com-
parison method to detect probable candidates, which slides a
Gaussian rise and exponential decay flare template over the
data, and returns the probability of belonging to a flare for
each data point. Therefore, their method selects flares that
fit the template even if they are small, while our method is
more senstive to flares that do not conform to the classical
shape but misses flares that don’t pass the sigma threshold.
Table 1 lists the confirmed flare events with their respective
start and finish times #; and ¢, orbital phase of AU Mic b at
ts, amplitude a and ED.

MNRAS 000, 1-9 (2021)
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Figure 1. Subset of flares detected in the TESS light curve of AU Mic, Sector 1. Top panel: PDCSAP_FLUX light curve. Second panel from
the top: De-trended light curve. Third panel from the top: section from the PDCSAP_FLUX (black) and de-trended (red) light curve. Two
bottom panels: de-trended light curves of flares confirmed in the panel above. The red dots indicate the data points that mark the flares.

3 FLARE RATE VARIATION WITH ROTATIONAL,
ORBITAL, AND SYNODIC PHASES

In analogy to solar flares, stellar flares are thought to oc-
cur in the vicinity of active regions on the stellar surface,
where magnetic field lines emerge, and magnetic energy can
accumulate. AU Mic is a young, extremely active flaring star
that is covered with large active regions (Linsky & Wood
1994; Kochukhov & Reiners 2020; Plavchan et al. 2020),
and possibly a multitude of magnetic loops across the entire
corona (Cranmer et al. 2013).

Flares on early M dwarfs tend to occur randomly in the
various active regions which cover the stellar surface (Doyle

MNRAS 000, 1-9 (2021)

et al. 2018, 2019). A variation of flaring rate with stellar rota-
tional phase can be caused by an extremely active region that
rotates in and out of view of the observer. A very inactive re-
gion that suppresses flaring compared to the rest of the stellar
surface is also conceivable, for instance in a region wherein
the magnetic field is strong enough to sufficiently suppress
convection that is required to produce flares. In both cases,
flare rates would be elevated or decreased for a fixed frac-
tion of the rotation period, which depends on the inclination
of the star and the latitude of the active region. This signal
is then smeared out by differential rotation (Howard & Law
2021). Notably, a non-uniform rotational phase distribution
of flares involves only the star.
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Figure 2. Cumulative flare frequency distributions (FFDs) obtained
from the two TESS light curves of AU Mic. Eyggs is the flare energy
emitted in the TESS band.
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Figure 3. Cumulative distribution of the full sample of flares with
orbital phase of AU Mic b (Sectors 1 and 27, green crosses). Phase
0 indicates the planet’s transit mid-time. The underlying distri-
bution is uniform (grey dotted line). In the data, however, it is
modulated by gaps in the phase coverage and the different detec-
tion thresholds of the two light curves. The modulated distribution
(blue line) is used as null hypothesis in the A-D test.

When a magnetized planet that orbits inside the Alfvén
surface of the star comes into play, it can introduce a devi-
ation from a uniform flare distribution in time via magnetic
star-planet interaction. The magnetic field lines that connect
the star’s to the planet’s magnetic field channel energy from
the planet to the star, that is then dissipated via flares. The
footpoint of the connection field lines move across the stellar
surface as the planet orbits the star. If the stellar properties
at the location of these footpoints are negligible or sufficiently
uniform not to affect the interaction, excess flares can be ob-
served whenever the footpoint is in view, in phase with the
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Table 2. Median p-values of the custom A-D tests for the orbital,
rotational and synodic periods of AU Mic (and AU Mic b) calcu-
lated using 20 different start phases. Smallest p-value is boldfaced.
There is no significant deviation from uniform flaring in time with
either of the periods. n: number of flares in sample.

P(Porb) P(Prut) P(PJyn)

Sec. sample n

both ED>1s 71 0.07 0.79 0.37
ED<1s 118 0.52 0.78 0.75

total 189 0.21 0.57 0.43
1 ED>1s 38 0.27 0.71 0.48
ED<1s 37 0.56 0.63 0.44
total 75 0.20 0.64 0.71

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

orbital period P,,,. If, however, the stellar properties at the
footpoint’s location matter, this occurrence of excess flares
will be modulated with the stellar rotation period P,,. Then
the relevant period is the synodic period Py, (Fischer & Saur
2019), with

1 1!

Prot P, orb

Pyn =

(2)

In summary, if an inhomogeneous distribution of active re-
gions on the stellar surface, or the interaction of AU Mic with
the innermost planet takes place, triggering flares in the ob-
servable regime, the flaring rates in phase with Py, P, or
Pyy, will deviate from a uniform distribution. Our null hy-
pothesis is that no rotational, orbital, or synodic dependence
is present. We test if we have to reject this hypothesis using
a customized Anderson-Darling test (A-D test, Anderson &
Darling 1952; Stephens 1974), a non-parametric goodness-of-
fit test suited for continuous variables, such a flare frequen-
cies. The A-D test is more sensitive to the ends of the dis-
tribution, i.e. phases near 0 or 1, than the more widely used
Kolmogorov-Smirnov (Kolmogorov 1933; Smirnov 1948) test.
Since the starting phase should ideally not affect the outcome
of the test, we choose the A-D test.

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

After having searched all light curves for flares (see Sec-
tion 2.2.3), we calculate the deviation from a uniform un-
derlying flare rate distribution with orbital, rotational, and
synodic phase each using a customized A-D test in six steps:

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

(ii) Sample N flare occurrence phases x; with i € [1,N] from
the expected distribution ¢ to get a distribution of flare
phases, where N is the total number of flares in the data. This
step generates a list of flares that are uniformly distributed

MNRAS 000, 1-9 (2021)
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across all phases, modulated only by the phase coverage of
the observations, and the detection thresholds of the light
curves. This list is a sample from the expected distribution
we test against (see Fig. 3).

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

N 2i—
N

=Ny 2 (log(§(x) Hog(l —dlovi ) (3)

=1

In this study, we generated 10000 samples for each test.
We also varied the start phase of the distribution between
0 and 1 with a step size of 0.05. While the A-D test is less
sensitive to the start phase than the K-S test, we still observed
a scatter in the outcomes of the tests. We accounted for this
by calculating the median of all start phase varied test results.

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

(v) Sort all x;,4s by phase in ascending order using the
same start phase as the expected distribution.

(vi) Finally, compare the Agb . value of the observed distri-
bution of flare phases against the expected distribution of A2,
and calculate the significance level (p-value) of the difference.

The p-values for the A-D test obtained from the above pro-
cedure are shown in Table 2. No choice of Sector, energy split,
or period resulted in a consistently significant deviation from
uniform flaring in time. The strongest deviation from unifor-
mity, a ~ 1.56 detection (p =0.07, n="71), is seen with P,
in the flares whose energy exceeds ED = 1s, that is, approx-
imately 2.3-103 erg in the TESS band. The p-values in this
subsample were consistently < 0.175 at all 20 start phases,
which is not the case for any other subsample in Table 2.

The observed distribution of flares does not deviate signif-
icantly from a uniform distribution of flares with orbital or
synodic period. Howard & Law (2021) detected flaring peri-
odicity in 3 out of 284 late K and M dwarfs observed with
TESS, and concluded that it may be rare, difficult to detect,
or both.

Because AU Mic is seen nearly equator-on, the non-
detection with P, implies a uniform distribution of flares
with stellar longitude. The spot structure evolved between
Sector 1 and 27 (Martioli et al. 2021), but during each Sec-
tor spot patterns were stable over several rotation periods
of the star (Szabé et al. 2021). However, considering each
Sector separately does not reveal a significant deviation from
uniform flaring with longitude. This observation is consistent
with most M dwarfs that were searched for rotational peri-
odicity (Doyle et al. 2018, 2019).

We also applied the above method to test for active longi-
tudes excited by the close 4:7 Pyy:P,,; commensurability (Sz-
abd et al. 2021; Cale et al. 2021) of AU Mic and AU Mic b.
The excitation of resonant oscillations in the stellar magnetic
field of close-in star-planet systems was predicted by Lanza
(2022). We found no significant deviation from uniformity
with the resonance period P, /4. However, for the AU Mic
system specifically, Lanza (2022) estimate that this excitation
will not occur due to the planet’s relatively large distance
from its host, consistent with our result.

MNRAS 000, 1-9 (2021)
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Figure 4. Number of flares produced by a single flaring region on
the stellar surface at different phases of the region. The flares be-
come visible (light blue area) when the region comes into view.
However, they are not observable because the amplitude is geomet-
rically foreshortened when the region is close to the limb. When the
region approaches the center of the stellar disk, the flares’ ampli-
tude exceeds the detection threshold so that they can be observed
(dark blue area). The phase can be the stellar rotation phase, the
orbital phase of the planet, or the synodic phase of the star-planet
system.

4 DISCUSSION

If the tentative signal with orbital phase (p=0.07, n="71)
truly stems from flaring SPI with AU Mic b, we can esti-
mate the required observing time to confirm the detection.
In our estimate, we doubled and tripled the sample by in-
troducing one and two additional flares between each pair
(xi,xi+1), i € [1,N], of real flares, placing them at equal dis-
tance from each other and smearing out the exact occur-
rence phase with a Gaussian with a standard deviation of
(xi41 —x)/2 and (x4 —x;)/3, respectively. We executed the
A-D test procedure from Section 3 on the new 2N sized flare
distribution, sampling 2-10° and 3-10° A% values for each
start phase, instead of 10%, to obtain the critical values in the
high significance tail of the A% distribution. Assuming that
the structure of the phase distribution remains the same over
time, doubling the sample size yields p ~ 0.003; tripling yields
p =~ 0.0008. Therefore, since the deviation was found in the
higher energy flares in our sample, monitoring AU Mic for
another 50 — 100d with instruments with the same or some-
what lower photometeric precision and observing cadence as
TESS may suffice to detect flaring SPI in this system with
> 30 significance.

If the signal is a fluke in the data, the observed absence
of flaring SPI signal can be explained in two ways — observa-
tional biases that impede detection, and physical reasons that
prevent flaring SPI to occur in the first place. We consider
three physical explanations first.

A first physical reason could be the unknown magnetic field
of AU Mic b. It is possible that AU Mic b has no magnetic
field that can interact with the stellar magnetic field to trigger
flares (Lanza 2018). A magnetic dynamo driven by convec-
tive motion of conductive fluids in the interior of the rotating



planet is the most efficient mechanism to produce the mag-
netic field strengths observed in Solar System planets. At
the same time, planetary magnetic fields in the Solar Sys-
tem are diverse, which is thought to depend heavily on the
internal structure and composition of the planet (Stevenson
2003; Jones 2011). Only a few indirect measurements of exo-
planet magnetic fields exist to date (e.g. Cauley et al. 2019;
Ben-Jaffel et al. 2021). Therefore, it is difficult to predict the
presence or the strength of AU Mic b’s field based solely on
mass and radius estimates.

Second, AU Mic b’s orbit could be outside the Alfvén zone
of AU Mic, either constantly or temporarily. Although the
star has a strong magnetic field, a high mass loss rate may
pull the Alfvén surface closer to the star (Kavanagh et al.
2021), so that no energy can be channelled from the planet
to the star. Following Kavanagh et al. (2021), the absence of
SPI would suggest that the mass loss rate of AU Mic was
closer to 1000M, than to 10M. This situation may change
with evolving stellar cycle. Ibafiez Bustos et al. (2019) report
a b-year chromospheric activity cycle in AU Mic, but it is not
clear how it affects mass loss.

Third, instead of via flares, energy may be transferred be-
tween planet and star gradually. Shkolnik et al. (2003); Shkol-
nik et al. (2005), and Shkolnik et al. (2008) observed evidence
of chromospheric hot spots in several systems with close Hot
Jupiter companions that could partially be explained in terms
of magnetic SPI (Cohen et al. 2011; Lanza 2012). It is not
clear if flares and hot spots could be effects of the same SPI re-
connection event or instead represent separate channels. The
chromospheric observations in Shkolnik et al. did not pro-
vide the observing cadence required to conclusively detect or
exclude coincident flares in excess of intrinsic flaring activity.

Observational biases can also prevent the detection of flar-
ing SPI. We discuss four possible biases here, all of which can
be interpreted within Fig. 4:

First, the effect might simply be too weak. SPI flares may
be triggered rarely, with only a handful of flares in our sam-
ple, which are not detectable with sufficient significance. This
corresponds to fewer dots per area, i.e. flares per time, in
Fig. 4.

Second, we may be looking into the wrong flare energy
regime. Flaring SPI may manifest at low energies < 1030
erg, i.e. below the detection threshold (no dark blue area in
Fig. 4). If, on the contrary, SPI flares are triggered at very
high energies, they may, again, occur too rarely to be ob-
served within the given monitoring time.

Third, flaring activity could be elevated through flaring
SPI, but manifest as excess flares across all longitudes. While
the mechanism of flaring SPI is not well understood, we can
imagine circumstances that create a large or spread-out SPI-
induced flaring region, which would always be in view. Flaring
region sizes increase with flare energy for intrinsic flares (Sam-
mis et al. 2000; Notsu et al. 2019; Howard et al. 2020). It is
therefore conceivable that extreme amounts of released en-
ergy during SPI might manifest in large flaring regions. An-
other scenario is efficient transport of the released energy or
the magnetic field perturbation within the stellar magneto-
sphere before erupting in a flare. This could result in a broad
range of longitudes at which SPI flares occur. Alternatively,
the magnetic field lines connecting planet and star could be
arranged such that the locations they map to on the stellar
surface are distributed in a broad longitudinal range.
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Finally, flares triggered by the interaction might be fre-
quent enough and have sufficiently high amplitudes to be de-
tected if the flaring region was located close to the equator.
Yet if the region was at high latitudes, flares would always
appear geometrically foreshortened, and remain below the
detection threshold.

However, if the tentative 1.50 signal in the ED > Is
flares (Table 2) indeed stems from flaring SPI, we may be
limited mostly by the first observational bias, i.e., insufficient
observing time. In this case, the flares triggered by the inter-
action are well above the detection threshold of TESS.

5 CONCLUSIONS

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

The strength of the interaction is difficult to constrain in
theory (Strugarek et al. 2019), and multiple physical models
of flaring SPI co-exist (Lanza 2018; Saur et al. 2013). More-
over, the orbit of AU Mic b is not yet synchronized with the
stellar rotation period which may additionally lead to tidal
interaction (Cuntz et al. 2000). Although AU Mic shows the
largest number of flares detected among all exoplanet hosts
found by Kepler and TESS to date, we conclude that most
of them are manifestations of intrinsic stellar activity.

‘We do not rule out that, as time series observations of AU
Mic accumulate with TESS, and soon PLATO (Rauer et al.
2014), SPI-triggered flares can be detected with high signif-
icance. We found the strongest deviation (p=0.07, n="71)
from intrinsic flaring with the orbital period P,,, of AU Mic
b, in the high energy half of our flare sample (ED > 1s). We
estimate that extending the observing time by a factor of
2 —3 will yield a > 30 detection, if the temporal structure of
the signal is preserved over time. We argue that long gaps
on time scales of months to years betweeen consecutive light
curves will average out rotational variability signal as the
spot structure evolves, but will leave a P,,,-dependent SPI
signal intact. In contrast, a persisting absence of flaring SPI
would support models that favor an Alfvén zone inside AU
Mic b’s orbit; strong winds; weak planetary magnetic fields;
or a more gradual energy transfer between planet and host.

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