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Abstract

There have recently been detections of radio emission from low-mass stars, some of which are indicative of star-planet inter-
actions. Motivated by these exciting new results, here we present stellar wind models for the active planet-hosting M dwarf
AU Mic. Our models incorporate the large-scale photospheric magnetic field map of the star, reconstructed using the Zeeman-
Doppler Imaging method. We use our models to assess if planet-induced radio emission could be generated in the corona of
AU Mic, through a mechanism analogous to the sub-Alfvénic Jupiter-Io interaction. In the case that AU Mic has a mass-loss
rate of 27 times that of the Sun, we find that both planets b and c in the system can induce radio emission from 10 MHz - 3 GHz
in the corona of the host star for the majority of their orbits, with peak flux densities of 10 mJy. Our predicted emission bears
a striking similarity to that recently reported from GJ 1151 by Vedantham et al. (2020), which is indicative of being induced by
a planet. Detection of such radio emission would allow us to place an upper limit on the mass-loss rate of the star.

1 Introduction

Many theoretical works have aimed to identify potential
targets for the detection of low frequency exoplanetary ra-
dio emission (Griefimeier et al., 2007; Saur et al., 2013; Vidotto
et al., 2015; Vidotto & Donati, 2017; Turnpenney et al., 2018;
Kavanagh et al., 2019; Kavanagh & Vidotto, 2020). One such
model used in these works is analogous to the sub-Alfvénic
interaction between Jupiter and its moon Io (Neubauer, 1980;
Zarka, 1998; Saur et al., 2004; Zarka, 2007; GriefSmeier et al.,
2007), with the host star and planet taking the roles of Jupiter
and Io respectively. If the planet orbits with a sub-Alfvénic
velocity relative to the wind of its host star, it can generate
Alfvén waves that travel back towards the star (Ip et al., 2004;
Mclvor et al., 2006; Lanza, 2012; Turnpenney et al., 2018; Stru-
garek et al, 2019; Vedantham et al., 2020). A fraction of the
wave energy produced in this interaction is expected to dis-
sipate, producing radio emission via the electron cyclotron
maser instability (ECMI) in the corona of the host star (Turn-
penney et al, 2018).

Thanks to the increasing sensitivity of radio telescopes
such as LOFAR, M dwarfs are beginning to light up the radio
sky at low frequencies (Callingham et al., submitted). One
such system which was recently detected to be a source of
emission from 120 - 160 MHz by Vedantham et al. (2020) is
the quiescent M dwarf GJ 1151. The authors illustrated that
the observed emission is consistent with ECMI from the star
induced by an Earth-sized planet orbiting in the sub-Alfvénic
regime with a period of 1 — 5 days. Prior to this detection,
there had been no evidence to suggest GJ 1151 is host to a
planet. There has been some discussion in the literature re-
cently about the existence of such a planet. Mahadevan et al.
(2021) have suggested that a planet orbits the star in a 2-day

orbit, whereas Perger et al. (2021) have ruled this out, placing
a mass upper limit of 1.2 Earth masses on a planet in a 5-day
orbit. Follow-up observations of the system will be needed
to further assess if the radio emission is of a planet-induced
origin.

AU Microscopii (AU Mic) is a young M dwarf that shows
potential for the detection of planet-induced radio emission.
It lies just under 10 pc away from Earth, and has recently
been discovered to host two Neptune-sized close-in planets
(Plavchan et al., 2020; Martioli et al, 2020). While planets b
and c orbiting AU Mic are not likely to be habitable, their
proximity to the host star makes them ideal candidates for
being in sub-Alfvénic orbits and inducing radio emission in
the corona of the host star. Here we present stellar wind mod-
elling of AU Mic, which we use to assess whether planet-
induced radio emission could be generated in the system.
The full results of this work are published in Kavanagh et al.
(2021).

2 Stellar wind environment of AU Mic

In order to determine if the orbiting planets around AU Mic
can induce radio emission in its corona, we first perform 3D
magnetohydrodynamic (MHD) stellar wind simulations for
AU Mic using the Alfvén wave-driven AWSoM model (van
der Holst et al, 2014) implemented in the BATS-R-US code
(Powell et al, 1999). We impose the large-scale surface mag-
netic field map of the star from Klein et al. (2021) as a bound-
ary condition in our models. The stellar wind mass-loss rate
of AU Mic is relatively unconstrained. Models of interactions
between the stellar wind and debris disk in the system esti-

mate a mass-loss rate from 10 M@ (Plavchan et al., 2009) up
to 1000 Mg, (Chiang & Fung, 2017). In order to explore these
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Figure 1: Left: Low M model of the stellar wind of AU Mic. The orbits of planets b and ¢ are shown as black circles, and the
white line corresponds to the Alfvén surface. Inside this surface, the planets are said to orbit sub-Alfvénically (see Equation 1),
and can induce radio emission in the star’s corona. The contour in the orbital plane is coloured by the wind radial velocity (u,.).
The grey lines show the stellar magnetic field lines that connect to the orbit of planet b. Each of these lines is a closed loop,
and connects back to the star in both the Northern and Southern hemisphere. The blue shaded region of each line illustrates
where planet b can induce radio emission via ECMI (see Equation 4). Note that planet ¢ can also induce emission, but for clarity
we omit these field lines. Right: High M model for AU Mic. Both planets b and ¢ orbit in the super-Alfvénic regime in this
scenario. Note that the magnetic field lines shown here do not connect to the orbit of either planet.

two scenarios of low and high mass-loss rates, we vary the
flux of Alfvén waves that drive the stellar wind outflow (for
full details see Kavanagh et al., 2021).

Using our two inputs of Alfvén wave fluxes, we obtain
mass-loss rates for AU Mic of 27 and 590 M@ (M@ =2x
107 Mg yr—'). We refer to these as the ‘Low M’ and
‘High M’ models respectively. Figure 1 show 3D views of
both models. We see in the case of the Low M model, both
planets are in sub-Alfvénic orbits for the majority of the time,

satisfying the condition needed for the planet to induce radio
emission in the corona of the host star.

3 Modelling planet-induced radio emission

We now describe our model we use to calculate the ex-
pected flux density and frequency of the emission induced
by the two planets in the corona of AU Mic. We use the stel-
lar wind properties at the two planetary orbits from our Low
M model in our calculations. A sketch of our model is shown
in Figure 2.

When the planet is in a sub-Alfvénic orbit (i.e., inside the
Alfvén surface), the relative velocity between the wind and
orbit Aw is less than the Alfvén velocity:

Au<up =

D )
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Here, B and p are the magnetic field strength and density

of the stellar wind at the planet’s orbit. Inside the Alfvén
surface, the planet perturbs the magnetic field of the star,
producing Alfvén waves which travel back towards the star
along the stellar magnetic field line connecting the star and
planet. Close to the star, the planet orbits in the closed field
region of the stellar magnetic field (see the left panel of Fig-
ure 1 and Figure 2). As a result, emission can be generated
in both the Northern and Southern hemisphere of the star’s
corona.

The wave power produced in this interaction is (Saur et al.,
2013):

P = 7'2R2Bp'/2 Au? sin? 0. )

Here, R is the radius of the obstacle perturbing the stellar
magnetic field. For an unmagnetised planet, we take this as

the planetary radius. 0 is the angle between the vectors B
and A4. A fraction of this energy (~ 1%, Turnpenney et al,
2018) is converted into radio emission, producing a flux den-
sity observed at a distance d from the system of

0.01 x P
Qd?v
The emission is beamed in a cone with a solid angle of 2 =
1.6 sr (Zarka et al., 2004). It is generated at the cyclotron
frequency v = 2.8 B MHz, where B is the magnetic field

strength in gauss (G) at the emitting point along the field
line connecting the star and planet. Note that in order for

FI/ = (3)
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Figure 2: Sketch of our planet-induced radio emission model.
A planet orbiting inside the Alfvén surface of the wind of
its host star can perturb the stellar magnetic field, produc-
ing Alfvén waves. These waves then travel back towards the
host star along the magnetic field line connecting the star and
planet, producing radio emission via the electron cyclotron
maser instability (ECMI). The emission is beamed in a cone.
Close to the star, the planet orbits through the closed-field re-
gion of the star’s magnetic field. Therefore, emission can be
generated in both the Northern and Southern hemispheres
of the star.

the emission to be generated, the cyclotron frequency must
exceed the plasma frequency

v>vp=9x 10~3/n, MHz, 4)

where n, is the electron number density. These regions of the
stellar magnetic field lines connecting to the orbit of planet
b are shown in blue in Figure 1.

In Figure 3 we show the flux density induced by planet b
in the Northern hemisphere of AU Mic as a function of its or-
bital phase. The flux density is colour-coded with the emis-
sion frequency. We find that planet b can induce emission
from 10 MHz - 3 GHz, with peak flux densities of 10 mJy.
Note that similar emission can also be induced in the South-
ern hemisphere (see Figure 4 of Kavanagh et al, 2021). The
emission induced by planet c is also in this frequency region,
albeit at flux densities that are an order of magnitude lower.

We highlight the emission at 140 MHz in Figure 3, which
is the the middle of the frequency range of 120 — 160 MHz at
which some M dwarfs have recently been detected (Vedan-
tham et al., 2020, Callingham et al., submitted). Vedantham
et al. (2020) suggested that their observations of emission
from the M dwarf GJ 1151 may be generated by a planet orbit-
ing in the sub-Alfvénic regime. At 140 MHz, our results bear
a strong resemblance to the observations of GJ 1151: both
have flux densities of about 1 mJy which exhibit temporal
variations. It would be very useful to obtain magnetic field
maps and near-simultaneous radio observations of M dwarfs
similar to the AU Mic planetary system so that this scenario
could be explored further. Detection of such emission allow
us to constrain the mass-loss rate of the host star, which in
the case of AU Mic we have shown to be possible if it has

a mass-loss rate of 27 M. This would also compliment ob-
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Figure 3: Radio spectrum of AU Mic induced by planet b in
the Northern hemisphere of the star’s corona as a function
of orbital phase. The emission corresponds to the blue re-
gions of the magnetic field lines connecting to the planet’s
orbit shown in the left panel of Figure 1. Emission generated
at 140 MHz is highlighted with a white dashed line. This is
the middle frequency of the observing band at which radio
emission was recently detected from the M dwarf GJ 1151 by
Vedantham et al. (2020), which is suspected of being induced
by an orbiting planet. The grey shaded areas illustrate the
region where the orbit of the planet is in the super-Alfvénic
regime, where no emission can be induced by the planet.

servations of the planetary transits in the ultraviolet, which
have been shown to vary depending on the mass-loss rate of
the host star (Carolan et al., 2020).

4 Conclusions

Here we have presented the results published in Kavanagh
et al. (2021), wherein we performed stellar wind simulations
of the active planet-hosting M dwarf AU Mic, exploring the
two cases where the star has a low and high mass-loss rate.
We used our models to investigate if the orbiting planets
could induce radio emission in the corona of the star. In the
case of a low mass-loss rate (M = 27 M), we found that
both planets b and ¢ can induce emission in AU Mic’s corona
from 10 MHz — 3 GHz. For planet b, the induced flux density
peaks at 10 mJy, with that induced by planet c being an order
of magnitude lower. We also illustrated that our predicted
emission induced by planet b at 140 MHz bears a striking re-
semblance to that reported for GJ 1151 by Vedantham et al.
(2020), which is suspected of being induced by an orbiting
planet. In Kavanagh et al. (2021), we also investigated the
potential for planet-induced radio emission to be generated
in the corona of the active M dwarf Prox Cen. However, as
we were not able to find a scenario where this could occur,
we have omitted these results here for brevity. This work
has illustrated how detection of planet-induced radio emis-
sion could be used to constrain the mass-loss rate of the host
star.
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