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Abstract

The recent detection of the M dwarf GJ 1151 at 144MHz low radio frequencies using LOFAR has been interpreted
as evidence of an exoplanet magnetically interacting with its host star. This would be the first exoplanet detected
around a main-sequence star by a radio telescope. Radial velocity confirmation of such a planet has proven
inconclusive and it remains possible that the radio emission could be generated by a stellar coronal process. Using
data from TESS, we shed light on this question by probing the stellar activity and flares of GJ 1151 as well as 14
other M dwarfs detected by LOFAR. GJ 1151 and three other star–planet interaction candidates are found to be
inactive, with no rotational modulation and few, if any, flares. The remainder of the LOFAR-detected M dwarfs
flare frequently. We consider it unlikely that stellar activity is responsible for the bright, circularly polarized
emission from GJ 1151 and its three analogs and support the star–planet magnetic interaction interpretation.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Habitable zone (696); Star-planet interactions
(2177); M dwarf stars (982)

1. Introduction

Since the dawn of radio astronomy, it has been known that
the Sun and planets of our solar system are bright sources of
radio emission (Pawsey et al. 1946; Kaiser & Desch 1984). The
Sun emits radio waves from its active regions, flares, and
corona (Melrose 1980; Dulk 1985), while the Earth and planets
produce low-frequency auroral radio emission (Zarka et al.
2001). In addition to this, Jupiter electrodynamically interacts
with its innermost moons, especially Io, giving rise to strong
coherent radio emission (Bigg 1964).

Nevertheless, outside of the solar system, the vast majority
of detected low-frequency radio sources are active or star-
forming galaxies, compact objects, or interacting binaries.
Main-sequence stars detected in the radio are typically nearby
(100 pc) and chromospherically active (Güdel & Benz 1993).
While stellar flares can be bright in the radio spectrum (Crosley
& Osten 2018; Zic et al. 2020), only a handful of the nearest
main-sequence stars have been detected in quiescent emission
(e.g., Trigilio et al. 2018; Pérez-Torres et al. 2021). Detecting
coherent radio waves from quiescent stellar systems would
provide valuable information not only about the magneto-
spheres of the vast majority of stars, but also about possible
star–planet magnetic interactions (SPI) (Zarka et al. 2001).
While known exoplanet-host stars have been targeted by
sensitive radio searches, no exoplanets have been conclusively
identified in low-frequency radio emission (Lynch et al. 2018;
Turner et al. 2021).

Radio emission is a strong indication of the space weather
environment, which is key to understanding planetary habit-
ability. M dwarf stars are thought to host the great majority of

temperate terrestrial planets (Hsu et al. 2020), defined such that
equilibrium temperatures could sustain liquid water at the
planet’s surface. Around small, dim stars, planetary transits are
deep (∼1%–10%) and the liquid-water habitable zone contains
short orbital periods on the order of days. The potential for
high-quality atmospheric characterization of habitable planets
using transmission spectroscopy (Morley et al. 2017) means
that M dwarfs are a cornerstone of the transiting exoplanet
science planned with the Transiting Exoplanet Survey Satellite
(TESS, Ricker et al. 2015) and the James Webb Space
Telescope (JWST, Gardner et al. 2006).
M dwarfs are highly active, especially when they are young

and rapidly rotating (Newton et al. 2017), and close-in
“habitable” planets may be rendered uninhabitable by a harsh
space weather environment and frequent flares (Tarter et al.
2007; Shields et al. 2016). A risk is that the liquid-water
habitable zone may lie inside of the Alfvén surface, defined
such that the Alfvén speed exceeds the plasma flow speed.
Within this region the magnetic field lines threading a planet’s
plasma environment are directly connected to the field of the
star rather than (as for Earth) forming separate magnetospheres
delineated by a shock discontinuity. The stellar wind can then
impinge directly on the planet’s atmosphere, potentially
stripping it of volatiles and irradiating the surface in a way
that would be hostile to life (Garraffo et al. 2017). For these
reasons, detecting radio emission from SPI is a rare observa-
tional probe of the stellar influence on M dwarf planetary
habitability (Kavanagh et al. 2021).

1.1. M Dwarf Radio Emission

Radio emission from stellar systems can be classified into
coherent or incoherent processes, distinguished by radiation
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characteristics such as the brightness temperature, degree of
circular polarization, and duration (Melrose 1980; Dulk 1985).

Coherent radio emission processes are further divided into
two categories: plasma and electron cyclotron maser instability
(ECMI) emission. Plasma emission can be driven by stellar
activity, produced via impulsively heated plasma being injected
into a colder plasma (Stepanov et al. 2001; Osten et al. 2006) as
in stellar flares and coronal mass ejections (CMEs) (Dulk 1985;
Matthews 2019). We refer to non-thermal radio emission from
plasma distributions heated by stellar flares and magnetic
reconnection as “activity-driven.”

ECMI emission can also be generated via auroral processes
similar to those seen on Jupiter (Zarka 1998). Currents that
accelerate electrons into the neutral Jovian atmosphere can be
established by the breakdown of co-rotation when the
magnetospheric plasma lags behind the magnetic field of
Jupiter (Hill & Michel 1976) or by Jupiter’s magnetic field
sweeping over its conducting satellite Io (Turnpenney et al.
2017). The loss of high-energy electrons in the atmosphere of
Jupiter establishes the population inversion necessary for
ECMI emission (Cowley & Bunce 2001). We define stellar
auroral emission in this context as any stellar ECMI radio
emission that is not generated directly via stellar activity, with
Jovian analog processes in mind.

1.2. LOFAR Radio Detections

Instead of using a targeted radio study as in previous
detections, a larger number of radio-bright M dwarfs have now
been detected using wide-field interferometric surveys. For
example, using the Australian Square Kilometre Array
Pathfinder (ASKAP) at 888MHz in the Rapid ASKAP
Continuum Survey of the whole sky δ<+41°, Pritchard
et al. (2021) have identified emission from 33 stars, including
chemically peculiar stars, interacting binaries, and 18 K and
M dwarfs.

At lower frequencies still, LOFAR (LOw-Frequency ARray;
van Haarlem et al. 2013), with its deep sensitivity and fast
survey speed, is an ideal instrument for searching for this. Low
frequencies are the ideal spectral window to search for coherent
radio emission associated with star–planet magnetic interac-
tions: the expected ECMI emission is cut off above a frequency
proportional to the magnetic field strength of the emitter
(Treumann 2006) and can be distinguished from fundamental
plasma emission for which the brightness temperature
TB∝ frequency ν−2. The LOFAR Two-meter Sky Survey
(LoTSS, Shimwell et al. 2017) is an ongoing survey of the
entire northern sky, which currently covers≈20% of the
northern hemisphere using a low-frequency radio band
centered at 144MHz, reaching sensitivities with100 μ Jy
root-mean-square (RMS) noise an order of magnitude deeper
than comparable previous low-frequency surveys.

Cross-matching LOFAR-detected sources against the
Gaia DR2 optical catalog (Gaia Collaboration et al. 2018) has
led to the detection of GJ 1151 (Vedantham et al. 2020), a
quiescent, slowly rotating M7 dwarf only 8 pc away. While it is
faint in X-rays (Foster et al. 2020), it emits bright, highly
circularly polarized low-frequency radio emission, which
Vedantham et al. (2020) interpret as a sign of SPI with a
terrestrial-mass planet in a few-day orbit. Nevertheless, radial
velocity (RV) observations of GJ 1151 place limits of 1.2 M⊕
on any planet with an orbital period shorter than five days
(Pope et al. 2020; Mahadevan et al. 2021; Perger et al. 2021).

Without confirmation of a planetary orbit or radio modulation
at its period, it is not certain whether the radio emission
observed from GJ 1151 is powered by SPI.
Expanding the LoTSS-Gaia M dwarf sample, Callingham

et al. (2021a) have reported the detection of 18 M dwarfs in
addition to GJ 1151 across a range of spectral types, stellar
activity levels, and including both binaries and single stars.
They conclude that there may be two sets of emission
mechanisms responsible for the low-frequency radio detec-
tions: (1) an activity-driven plasma mechanism responsible for
polarized bursts, in which solar-like coronal processes are at
work in active stars, and (2) an auroral emission mechanism
operating in the most inactive stars, with ECMI produced by
the breakdown of co-rotation between the star and plasma in its
magnetosphere for the fastest rotating stars or by magnetic
interaction with an exoplanet.

2. The TESS View

Optical light curves can help distinguish between activity-
driven and auroral radio emission mechanisms for these stars.
Pineda et al. (2017) support the idea that radio emission from
ultracool dwarfs is auroral partly on the basis that they have
much lower flare rates than main-sequence M dwarfs and that
flares are responsible for coronal heating which gives rise to
coronal radio emission. On the same basis, the non-detection of
optical flares in SPI candidate systems would add to the
evidence that their radio emission source is not coronal.
In this paper we examine optical light curves of the

Callingham et al. (2021a) sample using TESS. Since its launch
in 2018, TESS has been obtaining time-series photometry of
nearly the entire sky, in sequential sectors each of duration
27 days. Fifteen of the LOFAR-detected stars were observed
(not simultaneously) with TESS at 2 minute cadence, high-
precision photometry (for Tmag 10, typically better than
1 mmag in 1 hr; Handberg et al. 2021), which can reveal flares
and starspot modulation from stellar rotation. By applying the
stella machine-learning code to detect stellar flares
(Feinstein et al. 2020a, 2020b), we obtain uniform measures
of flare rate and intensity across the sample, previously
published only for CR Dra (Callingham et al. 2021b).
Two sources, GJ 450 and 2MASS J09481615+5114518,

were observed simultaneously by LOFAR and TESS, for eight-
hour windows beginning UTC 20:11:00 on 2020-03-16 and
UTC 20:45:40 on 2020-01-31 respectively. The stars were not
detected by LOFAR in this time period, and no flares were
detected by TESS during the simultaneous observations or in
the hours immediately before or after.
While sensitive non-detection of optical flares does not

necessarily indicate auroral processes and the observations are
not simultaneous, a lack of TESS flares reveals a quiescent
chromosphere where the radio emission is more likely powered
by magnetospheric acceleration mechanisms instead of chro-
mospheric ones. We show that the active systems identified by
Callingham et al. (2021a) display flares in the TESS band as
well, while four systems that were identified as quiescent and
potentially auroral flare either infrequently or even not at all
during the TESS observations.

2.1. TESS Data Reduction

We examine all M dwarfs in the Callingham et al. (2021a)
sample using TESS short-cadence data to look for flares,
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rotational modulation, and other signatures of stellar activity.
Because these are high proper motion sources, all sources are
identified by position and proper motion in the TESS Input
Catalog (TIC; Stassun et al. 2019) by manual inspection of the
catalog on the Mikulski Archive for Space Telescopes
(MAST), with TIC identifications listed in Table 1.

A similar pipeline to that used in Callingham et al. (2021b)
was applied to all stars in the sample. The lightkurve
package (Lightkurve Collaboration et al. 2018) is used to query
MAST for each TIC in our target list and download 120 s-
cadence light curves. The Pre-search Data Conditioning Simple
Aperture Photometry (PDCSAP) flux for all available sectors is
then cleaned of nan values and quality-flagged epochs and
normalized.

If some of our stars of interest have very low activity rates, a
confident measure of a very low rate would suggest that
coronal processes are unlikely to be producing the low-
frequency radio emission.

We apply a flare-finding algorithm using convolutional
neural networks (CNNs, Feinstein et al. 2020b). This package,
stella, uses the average output from an ensemble of CNNs
trained on an existing catalog of flares from TESS (Günther
et al. 2020).

We use stella v.0.1.0 (Feinstein et al. 2020a) to detect
flares in the sector-by-sector PDCSAP light curves, providing
per-cadence uncalibrated probabilities ä (0, 1) of each time
sample belonging to a flare. The time-series is then grouped by
contiguous chunks into a table of individual flares, within
which peaks are identified.

False positives are identified by simple filters: any flare is
removed if its fractional amplitude is lower than 3 times the
RMS of the light curve smoothed on 400 minute timescales or
if its fitted duration (rise + fall) is shorter than 4 minutes, i.e.,
two TESS cadences. The empirical flare rate for each star is
then estimated by the probability-weighted sum of the number
of flares divided by the observing time. Uncertainties are
calculated conservatively as two-sided 1σ Poisson confidence
intervals (Gehrels 1986). To turn this into a flare rate, we divide
this by the total observed time. The results are displayed in
Table 1, with light curves colored by flare classification

displayed in Figures 1 and 2. Two of our stars (GJ 1151 and
LP 169-22) show no flares in TESS, while four more show
fewer than five; for these, we report one-sided 1σ upper limits.
One highly active source—WXUMa—is the secondary

component of the M1+M6 binary GJ 412 AB. With five
magnitudes difference in flux between the components, the
quiescent primary dominates the light curve. Furthermore, only
the primary is allocated 2 minute cadence pixels, and as TESS
marginally resolves the wide binary, the default SPOC aperture
excludes the contribution from the secondary, and no flares are
visible. By using a smaller aperture centered on WX UMa, we
extract a light curve with a reduced contamination from the
brighter primary. The different realization of the systematics
here means that stella identifies only one flare, while others
can be seen by human inspection but are returned as false
negatives in stella. Accordingly we visually examined the
light curve in day-long chunks, manually identified nine flares,
and use this number to determine the flare rate.
AD Leo lies close to the ecliptic and is therefore outside the

viewing zones in TESS Cycles 1–3. It will, however, be
observed in the extended ecliptic mission in Cycle 4, in Sectors
45, 46, and 48.

3. Discussion

Of the stars considered here, Callingham et al. (2021a)
identified five targets as being quiescent, whose emission is
best understood as auroral: GJ 450, GJ 625, GJ 1151, G 240-45,
and LP 169-22. These were classified as quiescent based on a
conjunction of low Hα luminosity, low X-ray luminosity, and
long rotation periods (where known). The remainder of the
Callingham et al. (2021a) sample are all coherent emitters but
more active and emission may be auroral or activity-driven.
The TESS flare rates and rotational variability add a new

dimension to this analysis. In Section 3.1, we situate these stars
in a three-dimensional Güdel–Benz relation between radio
luminosity, X-ray luminosity, and TESS flare rate. We find that
while GJ 450 is actively flaring, the four remaining quiescent
candidates are very inactive in TESS, and conclude that these
are strong candidates for auroral emission and SPI.

Table 1
Properties of LOFAR Radio M Dwarfs Observed by TESS, Ordered by Increasing Flare Rate

Name TIC X-ray Lum. LOFAR Lum. Flare Rate Rotation Period
(1028 erg s−1) (1014 erg s−1 Hz−1) (d−1) (d−1)

GJ 1151 11893637 0.02 0.63 ± 0.15 <0.059 125.
LP 169-22 148673115 <0.03 1.03 ± 0.48 <0.024 L
G 240-45 307957392 0.02 12.3 ± 1.57 0.0069(<0.015) L
GJ 625 207492082 0.04 0.8 ± 0.09 0.015(<0.036) 79.8
2M J0948+5114* 453430899 0.28 28.71 ± 2.27 0.063(<0.14) L
GJ 450* 144400022 0.66 0.54 ± 0.2 0.20(<0.29) 23.0
WX Uma 252803603 0.36 0.45 ± 0.09 0.23 ± 0.1 0.780
DO Cep 414587194 0.23 0.92 ± 0.1 0.27 ± 0.07 0.410
LP 259-39 166597074 <18.7 10.11 ± 2.75 0.29 ± 0.1 1.7†

LP 212-62 392365135 0.38 28.34 ± 1.55 0.35 ± 0.1 60.8
2M J1433+3417 409372963 0.83 30.82 ± 4.88 0.38 ± 0.1 0.14†

GJ 3861 298164374 3.36 3.64 ± 0.57 0.42 ± 0.09 L
DG CVn 368129164 10.72 2.5 ± 0.8 0.75 ± 0.2 0.110
CW UMa 85334035 5.37 4.23 ± 0.44 1.1 ± 0.2 7.77
CR Dra 207436278 36.65 43.38 ± 2.46 1.7 ± 0.1 1.98

Note. Asterisks denote stars observed simultaneously by LOFAR and TESS. Rotation periods denoted by daggers are from these TESS observations and others from
the literature in Callingham et al. (2021a). Flare rates are empirical rates with Poisson uncertainties.
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Figure 1. Single-sector TESS light curves of the activity-driven candidate sources from the LOFAR radio-emitting sample, with epochs colored by stella flare
probabilities over 0.6 (light blue) and under 0.6 (dark blue). All stars in this subsample are observed to flare significantly. This figure was produced in a Jupyter
Notebook, available online.
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3.1. Güdel–Benz Relation

The Güdel–Benz relation is a scaling relation between the
X-ray and radio luminosity of many active stars (Güdel &
Benz 1993; Benz & Güdel 1994). This is generally understood
to originate from non-thermal radio emission coming from
electrons accelerated by magnetic reconnection events asso-
ciated with stellar flares and prominences; this also heats
surrounding plasma in the chromosphere, giving rise to thermal
X-ray emission. If radio emission is being generated by this
process, we expect not only a high X-ray luminosity, but also a

correspondingly high rate of optical flares as the source of the
heat driving the X-rays (Matthews 2019).
One of the arguments made by Callingham et al. (2021a) for

why the radio emission from GJ 1151 and their other quiescent
detections must be non-coronal, potentially due to SPI, is that it
disobeys the Güdel–Benz relation, e.g., GJ 1151 is radio-loud
but X-ray-faint. Such a violation of the Güdel–Benz relation-
ship is consistent with the radio emission being coherent. In the
case of auroral emission from a Jupiter–Io process or the
breakdown of co-rotation, we would expect to see radio-bright
sources that are under-luminous in X-rays relative to the

Figure 2. Single-Sector TESS light curves of the quiescent auroral emission candidate sources from the LOFAR radio-emitting sample, with epochs colored by
stella flare probabilities over 0.6 (light blue) and under 0.6 (dark blue). The light curves show no periodic modulation in TESS, consistent with low activity levels
and long rotation periods (�20 d). This figure was produced in a Jupyter Notebook, available online.
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Güdel–Benz relationship; we would also expect them to have
significantly lower flare rates.

We have therefore made an X-ray versus radio luminosity
Güdel–Benz diagram for our sample (Figure 3), situating our
stars relative to those from Güdel & Benz (1993) and Benz &
Güdel (1994) and coloring each LOFAR star by its TESS flare
rate. All LOFAR stars fall below the Güdel–Benz relation,
which as noted by Callingham et al. (2021a) means that the
majority are coherent emitters.

The four stars GJ 625, GJ 1151, G 240-45, and LP 169-
22 are not only two to three orders of magnitude under-
luminous in X-rays, but also two or more orders of magnitude
lower in flare rate than comparably radio-bright sources. Their
empirical flare rates would put all of them in the bottom 2.5%
of the M dwarfs by flare rate determined by Günther et al.
(2020). Their low flare rate and slow rotation favor an SPI
model for radio emission.

The presence of flares does not in general indicate the
absence of auroral emission. Young, rapidly rotating M dwarfs
are more likely to flare (Feinstein et al. 2020b), while the rapid
(2 days) rotation period also allows radio emission via the
breakdown of co-rotation. This means that these effects are
confounded for active stars and cannot be disentangled based

solely on these data. Callingham et al. (2021b) showed that
CR Dra had an unusually high TESS flare rate among M dwarfs
and detected both a quiescent component and a flaring
component of radio emission. This quiescent component could
be due to a breakdown of co-rotation in a magnetized plasma
disk around one component of the binary system and the flares
may be due to local structure in the magnetosphere.
A cluster of actively flaring stars with lower radio and X-ray

emission includes WXUMa, DO Cep, and GJ 450. Similar
flare rates and X-ray luminosities are sustained by 2M 1433
+3417, LP 212-62, and 2M 0948+5114, but at much higher
luminosities. While Callingham et al. (2021a) proposed GJ 450
may be quiescent due to its low Hα emission, on the basis of its
flare rate, we suggest that the radio emission from GJ 450 and
these other sources could plausibly be activity-driven or
auroral.
DO Cep is one of the few stars from Callingham et al.

(2021a) that was considered likely to be radio-bright due to
plasma emission. In particular, DO Cep is unique among the
LOFAR sample for its low circular polarization fraction
(38± 5%). The location of WXUMa is harder to explain, as
the radio emission is likely generated by ECMI (Davis et al.
2021). The strong ∼3.5 kG surface dipole magnetic field of

Figure 3. Güdel–Benz diagram for all stars in our sample, colored by stella flare rate, with individual stars highlighted. Arrows denote upper limits. To show the
context of the overall Güdel–Benz relation, we show literature sources as collated in Callingham et al. (2021a), using literature data from Güdel & Benz (1993) and
Benz & Güdel (1994) together with a trend line. Red stars denote M dwarfs from the literature and black crosses denote K dwarfs and interacting binaries. All stars in
our sample are under-luminous in X-rays compared to the literature values, especially the auroral candidates which show two to three orders of magnitude lower flare
rates and X-ray emission relative to similarly radio-bright stars. This figure was produced in a Jupyter Notebook, available online.
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WXUMa (Morin et al. 2010) plausibly allows ECMI to be
produced via a large coronal loop rather than a breakdown of
co-rotation or a satellite interaction.

4. Conclusions and Future Work

TESS light curves reveal that the LOFAR radio-emitting
stars differ by orders of magnitude in optical flare rate. The
least X-ray luminous sources are shown to have very low flare
rates, which is further evidence that their emission is from SPI
rather than activity-driven processes.

Nevertheless, none of the SPI auroral emission candidates
host known exoplanet candidates or are TESS Objects of
Interest transit candidates. Periodic radio emission, in phase
with a known planetary period, would be definitive evidence of
SPI. We recommend further observations of GJ 1151, LP 169-
22, G 240-45, and GJ 625 as high-priority LOFAR and RV
targets, to search for short-period planets that could cause this
proposed SPI or to sensitively rule out such planets.

As shown by Zic et al. (2020), simultaneous optical and
radio flares can be used to determine the nature of both radio
emission and optical signatures and probe the stellar space
weather environment directly. Simultaneous LOFAR and
TESS observations will be important in establishing the
physical mechanism connecting optical and radio variability
in these sources.

Short-period known planets around very quiet stars will also
merit follow-up radio observations. For instance, Nowak et al.
(2020) and Cloutier et al. (2020) have detected a pair of planets
orbiting the M dwarf LTT 3780, using both TESS photometry RV
instruments. The Nowak et al. (2020) team note especially that
LTT 3780 is a similar star to GJ 1151 and that given one planet
has an ultra-short orbital period of 0.77 days, it is a promising
target for radio search. As noted by Cloutier et al. (2020) and
reproduced by our pipeline, LTT 3780 is not found to flare in the
entire TESS Sector 9 in which it is observed. We therefore
encourage radio follow-up of this system and systems like it.

The low-frequency arm of the Square Kilometre Array,
SKA-Low, will even in its Phase 1 have a sensitivity nearly an
order of magnitude better than LOFAR in Stokes V and will
detect many more stellar and SPI systems (Pope et al. 2019).
The great majority of sources SKA-Low will detect will be in
the Southern Hemisphere, and will be inaccessible to northern
NIR instruments best suited to M dwarf observations. We
therefore recommend in the longer-term improving access to
NIR RV facilities in the Southern Hemisphere as part of SKA
science and exoplanet science generally, as the best under-
standing of M dwarf space weather and habitability will be
gained from optical follow-up of SKA sources.

5. Open Science

In the interests of open science, we have made available the
Jupyter notebooks used to generate the figures in this paper,
under a BSD three-clause open source license at github.com/
benjaminpope/mtv. We encourage and welcome other scien-
tists to replicate, apply, and extend our work.
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