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Coherent radio emission from a quiescent red
dwarf indicative of star-planet interaction

H. K. Vedantham®'2X, J_R. Callingham
l. Snellen3, P. Best’, M. J. Hardcastle
H. J. A. Rottgering®3 and G. J. White'"

Low-frequency (v S150MHz) stellar radio emission is
expected to originate in the outer corona at heights compa-
rable to and larger than the stellar radius. Such emission
from the Sun has been used to study coronal structure, mass
ejections and space-weather conditions around the planets’.
Searches for low-frequency emission from other stars have
detected only a single active flare star? that is not representa-
tive of the wider stellar population. Here we report the detec-
tion of low-frequency radio emission from a quiescent star, GJ
1151—a member of the most common stellar type (red dwarf
or spectral class M) in the Galaxy. The characteristics of the
emission are similar to those of planetary auroral emissions®
(for example, Jupiter's decametric emission), suggesting a
coronal structure dominated by a global magnetosphere with
low plasma density. Our results show that large-scale cur-
rents that power radio aurorae operate over a vast range of
mass and atmospheric composition, ranging from terrestrial
planets to main-sequence stars. The Poynting flux required
to produce the observed radio emission cannot be generated
by GJ 1151's slow rotation, but can originate in a sub-Alfvénic
interaction of its magnetospheric plasma with a short-period
exoplanet. The emission properties are consistent with theo-
retical expectations®” for interaction with an Earth-size planet
in an approximately one- to five-day-long orbit.

We discovered radio emission in the direction of the quies-
cent red dwarf star GJ 1151 by cross-matching catalogued radio
sources in the Low Frequency Array (LOFAR) Two-Metre Sky
Survey (LoTSS) data release I®, with nearby stars within a distance
of d <20 pc from the Gaia data release 2 database’. The distance cut
was imposed to maximize our chances of finding inherently faint
stellar and planetary radio emission while maintaining a low false
association rate'’. We found one match at high significance: GJ
1151, which is the closest catalogued star within the radio survey
footprint. The radio source lies at a distance of 0.17(55)” in right
ascension and 0.63(45)” in declination from the proper-motion-
corrected optical position of GJ 1151 (1o errors in parentheses here-
after; see Extended Fig. 1).

GJ 1151 was observed by four partially overlapping LoTSS point-
ings conducted within a span of about one month. The LoTSS radio
source ILT J115055.50+482225.2 is detected in only one, and has a
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high circularly polarized fraction of 64 +6% (Fig. 1). The transient
nature and high polarization fraction are inconsistent with known
properties of extragalactic radio sources, but consistent with that
of stellar and planetary emissions'’. On the basis of the positional
co-incidence, transient nature and high circularly polarized frac-
tion, we conclusively associate the radio source with GJ 1151. The
astrometric uncertainty of ~0.2” in LoTSS data is insufficient to
astrometrically differentiate between the stellar corona and a hypo-
thetical planetary magnetosphere as the site of emission.

To determine the spectro-temporal characteristics of the radio
emission, we extracted its time-averaged spectrum and frequency-
averaged light curve (Methods). We found that despite temporal
variability, the emission persisted for the entire 8h observation.
The emission is also detected over the entire available bandwidth,
120<v <167 MHz (where v is the observed frequency), and has
an approximately flat spectral shape (Fig. 2). The in-band radio
power for an isotropic emitter is Pr ~ 2x 10*! ergs s~ !. The peak
radiation brightness temperature is T}, & 3.7x 10"2x;> K where
x. is the radius of the emitter in units of GJ 1151’s stellar radius
R, ~1.3x 10" cm.

A unique aspect of this detected radio source is that it is associ-
ated to a star with a quiescent chromosphere. Stellar radio emission
at gigahertz frequencies is predominately non-thermal in origin
and is powered by chromospheric magnetic activity. The majority
of stellar radio detections are of a small class of magnetically active
stars such as flare stars'>" (for example, AD Leo), rapid rotators"
(for example, FK Com) and close binaries'® (for example, Algol).
GJ 1151, in contrast, is a canonical ‘quiescent’ star, such as the Sun,
based on all available chromospheric activity indicators (Table 1).
For comparison, relatively intense broadband noise storms on
the Sun are arcmin-scale sources with brightness temperatures of
Tp ~ 10° K (ref. ). Such an emitter will be three orders of magni-
tude fainter than the radio source in GJ 1151 if observed from the
same distance.

In addition to the quiescent nature of GJ 1151, the properties of
the observed radio emission are distinct from prototypical stellar
bursts at centimetre wavelengths. Stellar radio emission falls into
two broad phenomenological categories'. (1) Incoherent gyrosyn-
chrotron emission, similar to solar noise storms'®, characterized by
alow degree of polarization, brightness temperatures of T}, $10'° K,
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Fig. 1] Total intensity deconvolved images of the region around GJ 1151 for two different epochs. Left panel: 16 June 2014. Right: 28 May 2014. The cross-
hairs point to the location of GJ 1151 (see Extended Fig. 1 for astrometric details). The inset in both panels displays the Stokes V (circular polarization)
image for the respective epoch. The time-frequency-averaged Stokes | and V flux densities are 0.89(8) mJy and 0.57(4) mJy, respectively. The grey circle

in top-left corner indicates the width of the point spread function.
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Fig. 2 | The variability of the flux density. a,b, The temporal (a) and spectral (b) variability of the total flux density (Stokes I; black circles) and circular
polarized flux density (Stokes V; magenta squares) of the radio source in GJ 1151. The spectrum is measured over the entire 8 h exposure and the time
series is measured over the entire bandwidth. The error bars span +16. MJD is the modified Julian date.

bandwidths of Av/v ~ 1and a duration of many hours. (2) Coherent
emission (plasma or cyclotron emission), similar to solar radio
bursts, characterized by a high degree of circular polarization (up to
100%), narrow instantaneous bandwidths (Av/v < 1) and a dura-
tion ranging from seconds to minutes. The observed emission does
not fit into either of these phenomenological classes. It is broad-
band, has a duration of >8h and is highly circularly polarized. The
closest analogue of such emission is auroral radio emission from
substellar objects such as planets and ultracool dwarfs>'”'s. While
canonical stellar radio bursts are powered by impulsive heating of
plasma trapped in compact coronal loops'"" of size much smaller
than the stellar radius, radio aurorae in substellar objects are driven
by global current systems in a large-scale dipolar magnetic field.

To gain further insight into the nature of the emission, we
constrained the physical properties of the radio source from first
principles. The high brightness temperature and high polarization
fraction require the emission to originate from a coherent emission
mechanism. The two known classes of coherent emission in non-

578

relativistic plasma are plasma and cyclotron emission, which lead to
emission at harmonics of the plasma frequency v, and the cyclotron
frequency v,, respectively.

Stellar busts at centimetre wavelengths have previously been suc-
cessfully modelled as fundamental plasma emission from coronal
loops". However, the emissivity of the fundamental emission drops
nonlinearly with decreasing frequency. For typical coronal scale
heights of quiescent red dwarfs, the height-integrated fundamen-
tal emission is restricted to brightness temperatures of <10"'K at
150 MHz (Methods), which cannot account for the observed emis-
sion with Ty ~ 102 K. Second harmonic plasma emission has
a higher emissivity at low frequencies but cannot attain the high
observed level of fractional polarization (Methods). These inconsis-
tencies lead us to reject plasma emission as the cause and conclude
that we are observing cyclotron maser emission.

Cyclotron maser emission occurs at harmonics of the local
cyclotron frequency of v, ~ 2.8B MHz, where B is the magnetic
field strength in gauss. It is many orders of magnitude more efficient

NATURE ASTRONOMY | VOL 4 | JUNE 2020 | 577-583 | www.nature.com/natureastronomy


http://www.nature.com/natureastronomy

NATURE ASTRONOMY

Table 1| The characteristics and activity indicators of GJ 1151
compared with the prototypical radio-loud flare-star AD Leo

Parameter GJ 1151 AD Leo

Spectral type M4.5V M3V

Distance (pc) 8.04 4965

Mass (M) 0.17 (ref. %) 0.42 (ref.*%)

Radius (Ry) 0.2 (ref. %) 0.43 (ref. *¢)

Ha equivalent width (&) 0.034 +0.041 (ref. *6) —3.311+0.017 (ref. %)
Ha/bolometric 0.067 (ref.*®) 1.72 (ref. >°)

luminosity (x1074)
ROSAT X-ray luminosity
(x10%ergs™)

ROSAT X-ray/bolometric
luminosity (x107°)
Rotation period (d)

<0.016 (ref.*") 9.2+ 0.5 (ref. *8)

<1.07 (ref.*") 105.74 (ref. )

125 + 23 (ref. °)

Unknown

2.23 (ref. 4

Coronal magnetic field 0.19 (ref. )

strength (kG)

The reported Réntgen Satellite (ROSAT) luminosities band is for the 0.1-2.4 keV band. All X-ray
luminosities are reported for non-flare states. The upper limits reported on the X-ray luminosity of
GJ 1151 are derived from 36 upper bound on the source flux. Distances are derived from Gaia data
release 2 parallaxes’. Uncertainties for literature values are reported if they are in the original text.

than plasma emission®”'. Because the emission is inherently nar-
rowband, the observed broadband emission must be the aggregate
emission from regions of different magnetic field strengths within
the emitter. The size of a flaring coronal loop that can accommodate
such a region is comparable to or larger than the size of GJ 1151
(Methods). This provides additional evidence in support of global
magnetospheric currents as the driver of emission as opposed to
impulsively heated thermal plasma in compact coronal loops.

Owing to the high electron density in a stellar corona (compared
with planetary magnetospheres), an impediment to an auroral cyclo-
tron maser interpretation is the gyro-resonant absorption by ambi-
ent thermal electrons at harmonics of the cyclotron frequency'*.
Escaping radiation is obtained at coronal densities lower than
~10° cm™ and ~ 10° cm™> for emission at the fundamental and
second harmonic, respectively (Methods). These values are orders
of magnitude lower than typical coronal densities of solar-type stars
(F and G dwarfs) and highly active flare stars'’. The coronae of X-ray
dim quiescent M dwarfs, however, can have substantially lower base
density, and pressure scale heights allowing for escape conditions to
be met at heights of 1-3 R., where magnetospheric cyclotron maser
emission is expected to originate. For example, adopting the empiri-
cally determined universal scaling laws for coronal parameters®, and
assuming a hydrostatic corona, we find that the escape conditions
can be met in GJ 1151 at a radius of 2R. for coronal temperatures
of T=0.7x10°K and T=1.5x10°K for fundamental and harmonic
emission, respectively (Methods). The escape criterion may also
explain why analogous centimetre-wavelength auroral emission has
previously been detected in ultracool dwarfs'”'* but not in hotter
main-sequence stars. Emission at centimetre wavelengths requires
a kilogauss-level magnetic field, which is only expected close to the
stellar surface where the high electron density may prevent radiation
escape in main-sequence stars.

Auroral cyclotron maser emission is powered by persistent
acceleration of magnetically confined electrons to ~10keV-1MeV
energies. In substellar objects with largely neutral atmospheres the
currents are thought to be driven by two processes: (1) breakdown
of rigid co-rotation of magnetospheric plasma with the object’s
magnetic field either due to radial diffusion of outflowing plasma®,
or interaction between a rotating magnetosphere and the inter-
stellar medium®, and (2) sub-Alfvénic interaction of the object’s
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magnetosphere with an orbiting body**~". Co-rotation breakdown
seen in Jupiter and ultracool dwarfs, which are largely observed to
have rotation periods less than ~3h, is rotation powered and has
been shown to generate a radio power of ~ 10 ergs s! Hz™!
(refs. >'%). GJ 1151 has an ~3,000h rotation period. Assuming
coronal parameters comparable to radio-loud ultracool dwarfs, any
co-rotation breakdown in GJ 1151 will generate a polar flux that is
roughly three orders of magnitude weaker than the observed radio
power of 4.3x 10" ergs s™! Hz ™.

The failure of the co-rotation breakdown model points to a sub-
Alfvénic interaction as the cause of the observed radio emission.
This scenario is a scaled-up version of the well known Jupiter-Io
electrodynamic engine, and has been proposed as an avenue to
study star-planet interaction’®. We checked the feasibility of
this scenario by comparing theoretical estimates of the starward
Poynting flux with that implied by the brightness of the observed
emission. We considered an interaction with an Earth-like planet
due to the known preponderance of such planets around red dwarf
stars®. A planet in a one- to five-day-long orbit can satisfy the total
energy and brightness temperature requirements for the observed
radio emission (Methods and Fig. 3).

In the sub-Alfvénic interaction scenario, although an exoplanet
is implicated in the radio emission process, we have implicitly
assumed that the site of emission is GJ 1151’s corona. However, a
sizeable fraction of the Poynting flux intercepted by the planet can
also dissipate in its magnetosphere*®. As such, the radio emission
may have originated in the putative planet’s magnetosphere. Recent
analysis of optical signatures of star—planet interaction in short-
period systems suggest that the magnetic fields of some gas-giant
planets can be strong enough to generate radio emission at our
observation frequency”. We note, however, that terrestrial planets,
which are more commonly found around M dwarfs, are expected to
have much weaker magnetic fields".

The quiescent nature of GJ 1151 motivated us to study the phe-
nomenology and mechanism of emission and arrive at the star—
planet interaction hypothesis. Previous metre-wave observations
have almost exclusively focused on highly active stars*"® making
it difficult to discern possible star-planet interaction signatures
with canonical stellar activity. We suggest that regardless of stellar
activity level, detection of periodicity in the radio emission from
GJ 1151 at a period distinct from the stellar rotation period can be
used to conclusively implicate an exoplanet in the emission pro-
cess with future observations. The radio-derived periodicity in
such systems can additionally be corroborated against the antici-
pated stellar radial velocity signature. For example, our benchmark
model (Earth-mass planet in an approximately one- to five-day
orbit) implies a radial velocity signature with semi-amplitude of
~ 1 ms~!x sini, where i is the orbital inclination of the system.
Such a radial velocity signature is within the targeted sensitivity of
upcoming radial velocity surveys.

We end by noting that our results show that a systematic study
of the interaction between stars and short-period exoplanets using
their radio emission is feasible. Based on the discovery of GJ 1151
in an ~420-square-degree survey footprint, we expect many tens of
such detections from the ongoing LoTSS survey, which will allow
a study of star-planet interaction over different stellar types and
magneto-ionic interaction regimes.

Methods

Dynamic spectrum. To produce Fig. 2, the radio data were initially processed with
the standard LoTSS processing pipeline®, which included direction-dependent
instrumental gain and ionospheric corrections. The spectrum was extracted by
imaging the field around GJ 1151 using the WSCLEAN software* for the entire 8h
synthesis in different six equally spaced channels. Similarly, the light curves were
obtained over the entire bandwidth by splitting the 8 h synthesis into six equal
parts. The shortest baselines in the LoTSS data have larger levels of systematic
errors from mis-subtracted sources. As such, we conservatively chose Briggs’
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Fig. 3 | A comparison of observationally inferred and theoretical values for the starward Poynting flux from sub-Alfvénic interaction with an Earth-size
exoplanet. a-d, A closed dipolar geometry (a,b) and an open Parker spiral geometry (¢, d) are assumed for the stellar magnetic field. a,¢, Alfvén Mach
number of the interaction (M,). b,d, The cyan rectangle is the range allowed by the observed radio flux density. The blue and orange curves show the
Poynting flux for two theoretical models of the interaction: the ST model proposed by refs. >¢ and the LZ model proposed by ref. ”. B. is the assumed surface
magnetic field of the star. n, is the plasma density at the location of the putative planet (closed-field case) and n,,.. is the base density of the coronal wind

(open-field case). Further details are given in Methods.

weighting with a robustness parameter of —0.5 for the Stokes I images. This leads to
higher noise level than naturally weighted images, but is more robust to systematic
errors as it down-weights short baselines. Since the Stokes V sky is largely empty,
we chose a Briggs’ robustness parameter of +0.5 for the Stokes V images, which
being closer to natural weighting yields lower noise levels.

Plasma emission. The free energy for plasma emission originates in electron
density oscillations, called Langmuir waves, generated by a turbulent injection

of impulsively heated plasma (T; ~ 10® K typically) into an ambient colder
plasma (T ~ 10° K typically). We used the theoretical expressions for the
brightness temperature of plasma emission from ref. . We take the Langmuir
wave spectrum to be restricted to a range of wavenumbers: knin = 271 /v1, and
kmax = 211/ (3ve ), where v and ve are the mean velocities of the hot and cold
(ambient) electrons respectively and v}, is the plasma frequency. For k > kpay, the
wave growth is arrested by Landau damping and for k < kpn, the waves cannot
resonantly exchange energy with the hot electrons. We conservatively take the total
energy density in the Langmuir waves to be 10~ of the kinetic energy density of
the ambient plasma, which is the peak value obtained by both theoretical studies
of nonlinear effects and numerical simulations®. We assume an ambient coronal
temperature of T = 2x 10° K which is consistent with the X-ray non-detection of
GJ 1151. We assume a hydrostatic density structure with a scale height of

Ly ~ 6x 10°(T/10° K)(R, /Rs)* (M, /Ms) ™" cm (1)

where R, and M, are the solar radius and mass, respectively, and M. is the stellar
mass. We varied the hot component temperature from 5x 107 Kto 5x 10® Kand
used equations (15) to (22) from ref. ' to calculate the plausible range of brightness
temperature for the fundamental and the harmonic. The brightness temperature of
the fundamental thus calculated is between 4 x 10? and 2x 10!! K. The brightness
temperature for the harmonic is between 5x 10! and 1.5x 10'2 K. Even if we
assume that the entire stellar disk is filled with continuously flaring coronal

loops, then the brightness temperature inferred from the observed flux density

is 3.7x 10'? K. This alone rules out fundamental plasma emission. Even though
second harmonic plasma emission can reach ~102K brightness temperatures,

it suffers from an additional serious problem related to the high degree of
polarization observed. Solar harmonic emission has observed polarization levels
below about 20% (ref. *°). The theory allows polarized fractions of up to ~60% in
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specific scenarios®. However, if coronal loops in the entire stellar disk contribute
to the emission, as required by the brightness temperature constraint, then the
opposing handedness of emission from regions with oppositely directed magnetic
fields must lead to a substantially lower degree of net polarization.

Cyclotron maser from flaring coronal loop. We consider a compact magnetic
loop in the stellar corona where impulsively heated thermal plasma is injected
and an unstable loss-cone distribution is set up by magnetic mirroring on either
ends of the loop. For a continuously operating maser, the brightness temperature

is given by”!
2 2 -1
2x 104 <&> < 4 > <£> K )
0.2 200 cm R,

where r, is the classical electron radius, L is the length scale of the trap, m, is the
electron mass, ky is the Boltzmann constant, v, is the velocity of the emitting
electrons and f,=v,/c, where c is the speed of light. The emission with the

above brightness temperature is centred at the ambient cyclotron frequency and
is narrowband: Av/v = f*a}, where a, is the opening angle of the loss-cone
distribution. The observed broadband emission can be conceptually thought of
as an aggregate of v/ Av sites of emission within the magnetosphere. Consider a
hypothetical magnetic trap of length L and cross-sectional area of 1W?/4 (where
W is its width). Each site therefore has a projected area of WLS?a3. Stellar coronal
loops typically have W <0.1L (ref. *'). We can use these to relate the peak brightness
temperature for continuous operation with the observed value to obtain

L216R, <£> B (:—‘;) B 3)

Even for a high value of #=0.4, which corresponds to a plasma temperature
of ~10°K, we get L>R.. This suggests that impulsively heated thermal plasma
in a compact flaring coronal loop cannot account for the observed brightness
temperature.

mevg 2

" dnkg Lr, -

Ty

Escape of cyclotron maser emission. Cyclotron maser emission must necessarily
propagate through regions of decreasing magnetic field, where fundamental
emission can suffer absorption at the second and higher harmonics. Fundamental
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cyclotron emission is in the x-mode, for which the optical depth is at the sth
harmonic is*'

2 2\ s—1
,S:(E)S/zgﬁf <52l> Ly @)

2 cvsl\ 2

where v is the ambient cyclotron frequency and =~ (kg T/ me)l/ ? /¢ is the electron
thermal velocity normalized to the speed of light. Equation (4) must be evaluated at
v = sv,. The length scale of integration is the magnetic scale height Ly = B|AB| ™'
which we take to be of the order of the stellar radius, ~10'°cm. We assume a
hydrostatic corona close to the star, with radial density evolution of

n(R) — myexp Hi <1 - %)} (5)

where #, is the base density and the scale height L, can be computed from the
coronal temperature. Both of these are not observationally accessible in X-ray non
detected stars such as GJ 1151. We related the density and coronal temperature
with empirically determined relationships seen in solar and stellar coronae”:

n =43 105(T/10° K)"* cm™3. With this, the absorption coefficients can be
computed for any coronal height once the temperature is specified.

Radio emission from sub-Alfvénic interaction. Energetics. A theoretical estimate
of the starward Poynting flux due to the star—planet interaction is given by refs. -
(in c.g.s units)

1
Sg:)ynt = |:ER§HVIEIBZ:| € (6)

where the term in the square brackets is the incident Poynting flux on the planet

and ¢ captures efficiency factors related to the precise nature of the electrodynamic
interaction (details below). B, R.and v, are, respectively, the stellar magnetic field at
the location of the planet, the effective radius of the planetary obstacle and the relative
velocity between the stellar wind flow and the planet. In convenient units, we have

o LR () (R e
’ 6,000km,/ \100 kms—'/ \1G/ \0.01

We can compare Sg:) .« to the Poynting flux inferred from the observed radio
emission, SOESm, as follows. If Avy is the total bandwidth of radio emission, £2 is
the beam solid angle of the radio emission, D is the distance to the star and F is the
observed flux density, then the total emitted radio power is Pe, = FQD? Avigy.

We equate the total bandwidth to the peak cyclotron frequency in the star’s
magnetosphere: Av~ 2.8B. MHz, where B. is the polar surface magnetic field
strength of the star. The observationally inferred starward Poynting flux is then
s;ﬁ;m = Pem /€rad> Where €, is the efficiency with which the Poynting flux is
converted to cyclotron maser emission. For the case of GJ 1151, F = 0.9 mJy and
D = 8.04 pc, which gives

B, Q2 €rad\ ! _
SO~ 1.47x 102 ( L ) 1 8
poynt 100G/ \0.1sr) \0.01/  8° ®)

Equations (8) and (9) provide a quick check of the feasibility of the star-planet
interaction model. A more detailed specification of the various free parameters is
given below.

th
Spoynl

(1) Field topology. We consider two possible magnetic topologies at the location
of the planet: a closed-field geometry modelled as a dipole (planet-like)
and an open-field geometry that follows a Parker spiral (star-like). These
correspond to the left and right panels of Fig. 3, respectively. The observed
emission frequency requires the surface field strength of the emitter to be
260G and 230G for emission at the fundamental and harmonic, respectively.
The actual field strength of GJ 1151 cannot be predicted accurately based on
available data. We therefore assume 100 G as a benchmark value. We note that
this is broadly consistent with GJ 1151’s X-ray luminosity and rotation period
(see, for example, Figs. 2 and 3 of ref. *?).

(2) Nature of interaction. For both the open- and closed-field cases, we consider
two models to specify the interaction efficiency (¢ in equations (7) and (8)):
(1) one from refs. >, called the ST model hereafter and (2) one proposed in
ref. 7, called the LZ model hereafter. These correspond to the blue and orange
lines in Fig. 3, respectively. For the ST model, € = Msa*sin*6, where M,
is the Alfvén Mach number at the planet, @ is the angle between the stellar
magnetic field at the planet and the stellar wind velocity in the frame of the
planet, and a is the relative strength of the sub- Alfvénic interaction. We as-
sume that the planet has a highly conductive atmosphere for which a=1. For
the LZ model, € = y/2, where 0 <y <1 is a geometric factor’. We assume the
average value of y = 0.5.

(3) Plasma density and velocity. For the open-field case, we assume a base
coronal density of fpaee = 10° cm 3, which satisfies the radiation escape
condition. Because the coronal plasma thermally expands along the open-
field lines, we let the base density evolve with radial distance oc r~2. The wind
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speed is assumed to follow the Parker solution with a base temperature of
10°K. The wind speed dominates the relative velocity in the open-field case.
For the closed-field case, there is no substantial stellar wind at the planet’s
location. Owing to the slow rotation of GJ 1151, the relative velocity is largely
determined by the orbital motion of the planet. We assume a constant density
of ng = 2x 10* cm™3 at the orbital location of the planet. For comparison, the
plasma density at Io’s orbit is about tens times smaller and is primarily due to
Io’s volcanic outgassing with negligible contribution from Jupiter itself. We
have heuristically assumed a larger value as it can accommodated the pres-
ence of a tenuous stellar corona as well as an outgassing planet that is much
larger than Io. In our calculation of the Alfvén Mach number, we assume a
hydrogen plasma.

(4) Planetary parameters. Owing to the preponderance of Earth-like planets
around M dwarfs, we take the planetary radius to be 6,400 km and dipolar
magnetic field with a surface strength of 1 G. The effective radius of a magnet-
ized planet for electrodynamic interaction, R, is determined by pressure
balance between the planet’s magnetosphere and the stellar wind flow. Fol-
lowing ref. °, we take this to be the radial distance from the planet at which
the planetary and stellar magnetic fields are equal, times a factor of order
unity that depends on the angle between the planetary magnetic moment and
the stellar field, 0. Again following ref. °, we take this factor to be 1.46 and
1.73 for the open- and closed-field cases, respectively. These correspond to
6\=n/2 and 6,,=0, respectively.

(5) Radiation efficiency. This factor depends on the precise nature of the elec-
tron momentum distribution, which is not observationally accessible. We
therefore take guidance from numerical calculations. Early calculations of
the cyclotron maser instability yielded efficiencies of about 1% (ref. **). More
recent and advanced calculations yielded efficiences of 10% (ref. **) or higher.
We therefore adopt a range between 1 and 10%.

(6) Beaming angle. The total beam solid angle of the emission cone is necessary
to convert emitter power to observed power. We assume an emission cone
with half-opening angle 6 and angular width A#, which are related to the
speed of the emitting electrons according to”': cosf ~ Af ~ . We assume
p to line in the range [0.3, 0.7] corresponding to energies between 20 and
200keV. The beam solid angle then lies between 0.143 and 0.245sr.

With the above prescription, the theoretically expected starward Poynting flux
and the observationally inferred values can be computed and contrasted as in Fig. 3.

Brightness temperature. The emitting electrons powered by a star-planet interaction

are largely restricted to the stellar flux tube that threads the planet. Assuming a
dipolar geometry, the footprint of the flux tube on the star is an ellipse with a semi-

major and semi-minor axis of
RA\Y?
X=(=) R 9
&) * >

and

Y:X<473R*>71/2 (10)

respectively. Here d, is the orbital radius of the planet and R, is its effective radius.
The emitting region has an approximate length of order R. and we take the
geometric mean 2+/XY as its cross-sectional width. For our benchmark model

of R,=6,400km and d=12.5R., the total area of the emitter normalized to the

GJ 1150’s projected area is A/(nR?) ~ 0.00051. The area of a single coherent

maser site is Ax v/Av and the observed brightness temperature becomes

Ty, = 7x 10 (Av/v)”". We assume a fractional bandwidth of 0.1 corresponding
to #=0.5, which leads to an intrinsic maser brightness temperature of ~ 3x 10'¢ K.
Continuously operating masers of such high brightness temperatures can be
driven by a horseshoe or shell-type electron distribution and are known to occur in
magnetospheric aurorae in planets®.

Duration and duty ratio. Based on one detection in four exposures, the duty ratio
of emission is ~0.25. Because the emission lasts for >8h, the orbital period of the
planet must be larger than ~1 d. Unlike the Jupiter-Io interaction, which is seen
from a special viewpoint (the ecliptic), the range of planetary phases with visible
emission is difficult to predict because it depends on (1) the inclination of the orbit,
(2) magnetic obliquity and (3) the emission cone opening angle and thickness
(which in turn depend on f3), which are all unknown. In addition, the source was
discovered in 8 h exposure images from a blind survey. Our detections are therefore
biased towards systems where the above factors conspire to yield a longer duration
and duty cycle of visible emission than is prototypical.

Data availability

Source data for Fig. 2 are provided with the paper. The raw LOFAR data are
available for download from the LOFAR long-term archive at https://Ita.lofar.eu.
GJ 1151 was detected in an exposure with observation i.d. L231631. Pre-calibrated
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and in-field source subtracted visibility data (about 50 GB) are available from the
corresponding author upon reasonable request.

Code availability

The raw interferometric data were processed with publicly available packages (see
ref. * for details). Custom scripts used in the star—planet interaction calculations/
plots are available at https://github.com/harishved/GJ1151_SPI

Received: 22 February 2019; Accepted: 6 January 2020;
Published online: 17 February 2020
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Extended Data Fig. 1| Astrometric association of the radio source with the star GJ1151. Relative astrometry of the radio source in GJ 1151 and the optical
position of M-dwarf star GJ 1151. The optical position and proper-motion correction is based on the Gaia DR2 catalog. The error-bars show the +1c errors on
the radio source centroid that were computed by adding the formal errors in source-finding and the absolute LoTSS astrometric uncertainty in quadrature.
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