Universiteit

w4 Leiden
The Netherlands

Tuning in to star-planet interactions at radio wavelengths
Kavanagh, R.D.

Citation
Kavanagh, R. D. (2022, November 15). Tuning in to star-planet interactions
at radio wavelengths. Retrieved from https://hdl.handle.net/1887/3485841

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3485841

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3485841

Tuning in to star-planet interactions
at radio wavelengths

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 15 november 2022
klokke 11:15 uur

door

Robert D. Kavanagh
geboren te Dublin, Ireland
in 1995



Promotor: Dr. A. A. Vidotto
Co-promotor: Prof.dr. I. A. G. Snellen

Promotiecommissie:

Prof.dr. H. J. A. Rottgering

Prof.dr. S. F. Portegies Zwart

Dr. Y. Miguel

Prof.dr. M. Giidel (University of Vienna)

Dr. H. K. Vedantham (ASTRON /University of Groningen)

ISBN 978 94 6419 617 7

Cover design by Robert Kavanagh. Planet texture: Solar System Scope. Back-
ground image: ESO/Davide De Martin. Printed by Gildeprint.



Table of contents i

Table of contents

1__Introductionl 1
[L.1 The discovery of the solar wind| . . . . . .. ... ... ... .... 1
[T.2 Interactions between the solar wind and the planets| . . ... ... 2
1.3 The stellar wind environments around exoplanets| . . . . . . . . .. 8
|1.4  Measuring the winds of low-mass stars| . . . . .. .. ... ... .. 9
1.5 Star-planet interactions| . . . . .. ... ... 0 oL 15
L6 Thesisoutlinel . . . . . ... .. .. ... ... 19
L7 OutlooR . . . . o oo 22

|2 Tuning in to the radio environment of HD189733b| 25
BT Abstractl . . . . . . . ... 25
2.2 Introductionl. . . . . . . . ... 25
2.3 Stellar wind of HDISO733[ . . . . . ... ... ... 0oL 27

2.3.1 Modelling the stellar wind| . . . . . ... ... ... ..... 27
2.3.2 tellar wind variability o 189733 . . . . . ... ... .. 30
2.3.3 Radio emission from the stellar windl . . . . . . .. .. ... 31
2.4 Predicting planetary radio emission from HD189733b|. . . . . . .. 33
2.5 Propagation of the planetary radio emission| . . . . . . .. ... .. 36
[2.5.1  Free-free absorption in the stellar wind|. . . . . . . . .. .. 36
[2.5.2  Plasma frequency of the stellar wind| . . . . . ... .. ... 40
[2.5.3  Generation of cyclotron emission in an extended atmosphere] 40
2.6  Detection potential with current and future radio telescopes|. . . . 41
2.7 Summary & Conclusions|. . . . . . .. ... ... ... ... .... 42
|Acknowledgements| . . . . . .. ..o oo 43
|Appendix: Radio emission and absorption for a lower density stellar wind| 44

13 Radio eclipses of exoplanets by the winds of their host stars| 47
BI_Abstractl. . . .. . . . .. 47
8.2 Introductionl. . . . .. .. ... . 47
3.3 Radio eclipse of the planet by the stellar wind|. . . . . . ... ... 49
3.4 Stellar wind effects on radio eclipses| . . . . ... ... ... .. .. 51
3.0 Orbital effects on radio eclipses| . . . . . .. ... ... ... .... 55
3.6 Constraining the stellar wind properties ot the hot Jupiter host 7 Boo| 56
B.7 Conclusionsl . . . . ... .. . o 58

|Acknowledgements| . . . . . .. ... oL 60




ii Table of contents

4_Planet-induced radio emission from the coronae of M dwarfs| 61
BEI Abstractl. . . ... . ... 61
4.2 Introductionl. . . . . . . .. .. ... 61
4.3 Modelling the winds of M-dwarts| . . . . .. ... ... ... .... 64
4.4 Stellar wind environments of the M-dwarfs. . . . . ... ... ... 65

441 Prox Cenl . ... ... .. . ... ... .. 65
M2 AUDMIA « - o oo oo e e e e 66
(A5 Planet-induced radio emission] . . . . . . . . . ... ... ... ... 67
4.5.1 AU Mid . ... ... . 67
452 ProxCenl ... ... ... . ... .. ... .. 70
EBE DISCUSSION - « « « v v v v e 72
47 Conclusions . . . . . . .. .. 73
|Acknowledgements| . . . . . .. ... oL 74

6 _Radio masers on the active M dwarf WX UMal 75
BEI_Abstractl. . . . ... .o o 75
b2 Introductionl. . . . . . . . . ... 75
0.3 Stellar wind environment of WX UMal . . . .. ... ... ... .. 7
.4 Emission induced by an orbiting planet| . . . .. .. ... ... .. 79

[0.4.1  Can the emission from WX UMa be explained by an unde- |

| tected planet?|. . . . . ... oo oo 83

[6.4.2 Visibility of the potential planet| . . . ... ... ... ... 88
[5.5 Reconnection at the edge of the magnetosphere| . . . . . . ... .. 91
9.6 Discussion & Conclusions| . . . . . . . . . . . ... 93
[5.6.1 Model imitations|. . . . . .. .. ... oo 93
(6.2 Conclusions . . . . . .. ... o 95
[Acknowledgements| . . . . . ... ... 96
[Appendix A: Stellar wind plasma properties|. . . . . . . . . . . . . . .. 97

|Appendix B: Power generated in sub-Alfvénic star-planet interactions| . 97
|Appendix C: Dynamic radio spectrum of second harmonic ECMI| . . . . 98

|Appendix D: Propagation effects at 144 MHz7 . . . . . .. ... ... .. 98
Bibliography] 103
115
[Samenvatting (Dutch summary)| 121
|List of publications| 127
[Curriculum vitael 129

|Acknowledgements| 131




1 Introduction 1

1 | Introduction

1.1 The discovery of the solar wind

The first suggestion that the Sun, our closest star, is a source of outflowing hot
magnetised plasma came from the Norwegian physicist Kristian Birkeland in the
early 1900s, who illustrated a striking similarity between the results of his exper-
iments firing beams of electrons at a spherical magnet and the Northern Lights
(Birkeland) |1908)). This idea was further reinforced by |Biermann| (1951), who
proposed that the formation of Type I tails from comets could be explained by
outflowing ionised plasma from the Sun at supersonic speeds of ~ 1000 km s~ !,
which we now know as the solar wind. In the meantime, evidence began to mount
supporting the existence of the solar corona shown in Figure[I.1] the million degree
Kelvin (K) region of the Sun’s upper atmosphere (Grotrianl [1939; |Alfvén, 1941}
Edlén} 1945). It was Parker| (1958)) who first linked the idea of a hot corona to a
continuously outflowing solar wind in a self-consistent way.

Parker’s approach was simple but very effective. He described the solar wind
as being driven by a strong thermal pressure gradient set by the hot corona, offset
by the gravitational pull of the Sun. By assuming that the solar wind is isothermal
(i.e. the temperature does not change with distance), maintains a negative pressure
gradient, and is an ideal gas, Parker derived a differential equation describing the
momentum of the solar wind outflow. While Parker found that there were a
family of solutions to this equation, only one described a solar wind outflow that
monotonically increased in velocity outwards, transitioning from a subsonic regime
to a supersonic regime. This was in agreement with the likes of Biermann| (1951)),
who suggested the same scenario for a supersonic solar wind outflow.

While Parker’s solar wind solution was initially met with strong criticism, mea-
surements obtained by the Mariner 2 spacecraft in 1962 quickly put to rest any
doubts about its existence (Neugebauer & Snyder} [1966)). At 1 au, Mariner 2 de-
tected a solar wind outflow with a supersonic velocity of 500 km s~! and a proton
density of 5 cm™3 on average. Integrating the mass flux over 47 steradians, the
solar wind mass-loss rate measured by Mariner 2 was ~ 6 x 10' g s~!, in close
agreement with the now-accepted value of 2 x 107 Mg yr~! (Feldman et al.,
1977, |Cohen, [2011} [Finley et al.l [2019). Parker’s solar wind solution for a coronal
temperature of 1 MK and mass-loss rate of 2 x 1074 Mg yr~! gives values that
are in fantastic agreement with those obtained by Mariner 2 at 1 au, with a pre-
dicted velocity and density of 485 km s~! and 5.5 cm ™ respectively. The velocity
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and density profile obtained using his prescription is shown in Figure [T.2}

Our understanding of the solar wind has advanced significantly since the 1960s,
thanks to a multitude of in-situ measurements (Verscharen et al., |2019)) and ever-
more sophisticated modelling (for a review, see (Gombosi et al., [2018]). In terms of
modelling, the most significant improvements have been the inclusion of rotation
and magnetic fields, aspects which were lacking in the initial model of [Parker
(1958). While [Parker| (1958)) commented on the likely morphology of the large-
scale solar magnetic field (the Parker spiral), it was/Weber & Davis| (1967 who first
provided a solar wind model which accounted for these effects in a self-consistent
way. |Weber & Davis| (1967)) illustrated that the Sun loses angular momentum,
both through the solar wind outflow, as well as via the torque of the large-scale
field magnetic field acting on the wind. Understanding the angular momentum
loss-rate of the Sun tells us how it will spin down over time (Gallet & Bouvier,
2013; |O Fionnagain & Vidotto, 2018; [Vidotto, 2021).

The Sun is magnetised at its surface, and therefore any fluid prescription for the
solar wind outflow is governed by magnetohydrodynamics (MHD). Its magnetic
field is also not a perfect dipole, but contains fine structure and non-uniformities,
requiring a 3-dimensional analysis. Another main improvement to theoretical un-
derstanding of the solar wind outflow is a prescription for the energy that drives
it. Known as the ‘coronal heating problem’, it is an outlying problem in plasma
physics as to what ultimately heats the solar corona to a million degrees K. A
widely-accepted solution to this problem is that the energy source is the dissipa-
tion of Alfvén waves, which are mechanical waves that travel along magnetic field
lines (Alfvén) [1942). Observations of Alfvén waves in the upper regions of the
Sun’s atmosphere seem to support this hypothesis (De Pontieu et al., [2007; McIn-
tosh et al.,|2011)). Following this, a 3D MHD solar wind model was developed that
is driven by the dissipation of Alfvén waves, known as the AWsom Solar Model
(AWSoM, [Sokolov et al.l {2013} [van der Holst et al.l|2014]). AWSoM has been used
to successfully reproduce images of the solar corona in extreme UV (EUV), as
shown in Figure [[.3]

1.2 Interactions between the solar wind and the
planets

With the discovery of the solar wind, we soon began to understand its interactions
and effects on the solar system planets. The most well-known example on Earth is
the Northern/Southern lights, also known as the aurora borealis/australis, or more
generally, aurorae (shown in Figure . From as early as the 1700s, it was under-
stood that their appearance in the night sky generally followed the phenomenon of
so-called ‘magnetic storms’, which were thought to be some kind of perturbation
of the Earth’s magnetic field (Stern, 1989). We now understand their formation
on Earth as a result of the Dungey cycle (Dungey, |1961)), which describes how the
magnetic field carried by the solar wind compresses the nightside of the Earth’s
magnetic field (also known as the magnetotail), causing magnetic reconnection to
occur. A sketch of this process is shown in Figure [1.5
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Figure 1.1: Image of the Sun’s corona taken during the total solar eclipse on July 2nd
2019 near La Silla observatory in Chile. The dipolar structure of the Sun’s magnetic field
threading the coronal plasma can be seen clearly. Image credit: Joe Llama.
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Figure 1.2: Top: Velocity profile of the solar wind from the solar surface to 1 au = 215 R,
(the orbital distance of Earth), obtained using the solution from [Parker| (1958)) for a
temperature of 1 MK (numerical code developed by Kavanagh & Vidotto, [2020). The
critical point, where the solar wind becomes supersonic, is marked. Bottom: Density
profile of the solar wind for a mass-loss rate of 1.261 x 10*% g s™1.



4 1.2 Interactions between the solar wind and the planets

171 A 195 A 284 A

LY Obsenvations

Y (arcsecs)

Y (arcsecs)

—1000 -500 0 500 1000 —1000 -500 0 500 1000 —1000 -500 0 500 1000

X (arcsecs) X (arcsecs) X (arcsecs)

Figure 1.3: Comparison of the solar corona imaged at 3 EUV wavelengths with the
STEREO-A satellite on March 11th 2007 (top panels) to those produced with the Alfvén
wave-driven solar wind model AWSoM (bottom panels). Figure adapted from

Holst et al.| (2014)).

Figure 1.4: The Earth’s aurora as seen from the surface over Adventdalen, Svalbard, at a
latitude of 78.2 degrees North. The distinct green colour is clearly visible, which is formed
via state transitions in oxygen that occur due to the collision of electrons accelerated in

the Earth’s magnetotail with the atmosphere (He et al.,|2020). Image by Sean Coney.
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Figure 1.5: Sketch depicting the formation mechanism for the aurorae on Earth proposed
by . Panel A depicts the solar wind magnetic field (blue) interacting with
and opening the Earth’s magnetic field at the nose of its magnetopause (red). In panels
B to D, the two components of this now-open field line (purple) are pushed back towards
the magnetotail in the Earth’s magnetosphere (right-hand side of each panel). Finally,
these two lines reconnect in the magnetotail, releasing energy which accelerates electrons
towards the Earth’s magnetic pole (red) and into the plasma sheet (blue). The injection
of these high-velocity electrons into the Earth’s polar regions is thought to be the main
driver of the aurorae. Figure from Eastwood et al|(2015).

The energy released during reconnection events in the Earth’s magnetotail
accelerates electrons towards the magnetic poles of the Earth, resulting in emis-
sion across the electromagnetic spectrum. These electrons collide with atoms and
molecules in the Earth’s upper atmosphere, producing visible light with the dis-
tinct red, green, and blue colours that are commonly associated with the aurorae

(He et al. 2020), as well as at infrared wavelengths (Espy et al., [1988). Higher
energy emission at UV 1979) and X-ray wavelengths (Bhardwaj et al.,

is also generated in the Earth’s auroral zones, via charge exchange and
thermal emission processes respectively. At lower frequencies, the introduction
of high-velocity electrons into the polar regions is thought to produce kHz radio
emission via the electron cyclotron maser instability (Lamy et al) 2010), which
generates 100% circularly polarised radio emission (Dulk, 1985).

Aurorae are not limited to the Earth’s magnetic field. In fact, they are ubig-
uitous in the magnetic polar regions of all the magnetised solar system planets
(Mercury, Earth, Jupiter, Saturn, Uranus, and Neptune). It was not until the Voy-
ager spacecraft ventured out into the solar system however that we first learned
of their existence on the giant planets, primarily at radio and UV wavelengths
(Zarkal, 1998 |Grodent], 2015)). Mercury on the other hand has not been found to
exhibit aurorae, primarily due to its lack of an atmosphere (Saur et all [2021). In
Figure I show a comparison of the experiments performed by Kristian Birke-
land in the early 1900s to Jupiter’s aurora imaged in the UV by the Hubble Space
Telescope.

Subsequent observations have found that the aurorae of the other magnetised
solar system planets appear across the electromagnetic spectrum in a same man-
ner to Earth (Badman et al., [2015). For Jupiter and Saturn, dedicated missions
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Figure 1.6: Left: Photograph of Kristian Birkeland’s ‘terrella’ experiment, wherein he
fired an electron beam at a spherical magnet inside a vacuum chamber to investigate the
formation of the aurora on Earth. Note the formation of bright rings near the magnetic
poles (from Birkeland, [1908). Right: UV image of the aurora at Jupiter’s North pole,
taken with the Hubble Space Telescope (NASA/ESA, John Clarke). The main auroral
oval is indicated, along with the footpoints of the field lines of Jupiter connecting to the
moons lo, Ganymede, and Europa. The footpoint of Callisto is thought to be obscured
by the main auroral oval (Saur et al.| 2013).

such as Galileo, Juno, and Cassini have revealed the complexities relating to the
formation of their aurorae (see|Grodent} 2015} |Stallard et al.,[2019; [Bonfond et al.,
2020; [Zarka et al., |2021). For Uranus and Neptune however, our understanding
of their aurorae is currently limited to the data obtained by the Voyager satel-
lites (Lamyl, |2020)). Irrespective of these technicalities, the auroral emission of the
magnetised planets at radio wavelengths seems to be controlled by the solar wind
power incident on their magnetospheres (Desch & Kaiser, |1984; Zarka; [2007). This
relation is known as the ‘radiometric Bode’s law’, which is shown in Figure [I.7]
At low frequencies (< 100 MHz), Jupiter’s auroral emission outshines the Sun by
over three orders of magnitude (Zarkal, 2007)).

Although not directly linked to interactions with the solar wind, prominent
features in Jupiter’s aurora are bright spots associated with the magnetic field lines
linking the planet to its moons Io, Europa, and Ganymede, as shown in the right
panel of Figure These are thought to be powered by sub-Alfvénic interactions
between the moons and Jupiter, which perturb the Jovian magnetic field and
produce Alfvén waves (Neubauer) [1980). These waves carry energy back towards
Jupiter, which is subsequently dissipated at various different wavelengths, again
most notably in the UV and radio (Zarkal 2007). An interesting note is that the
radio component of the Jupiter-Io sub-Alfvénic interaction was identified as early
as the 1960s by [Bigg) (1964)), who noted that bright radio emission originating from
Jupiter was coincident with the quadratures of Io (where the maximum angular
separation occurs between the two bodies from our perspective). More recently,
moon-induced emission from Enceladus has also been identified on Saturn in the
UV (Pryor et al., [2011).

In the context of the weakly /unmagnetised solar system planets like Venus and
Mars, interactions with the solar wind are also important for their atmospheric
evolution. It is likely that at earlier ages, the solar wind was much stronger
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Figure 1.7: The empirically-derived radiometric Bode’s law for the magnetised solar
system planets, namely Earth (E), Jupiter (J), Saturn (S), Uranus (U), and Neptune
(N). The power dissipated onto Jupiter from sub-Alfvénic interactions with its moons
Io (I) and Ganymede (G) are also shown, which appears to follow the same trend. The
power law relation between the incident solar wind and the emitted radio emission is
linear, with an efficiency ratio of ~ 2 x 1072, The extrapolation of this relation to the
likely stellar wind environments of hot Jupiters is also shown. I will discuss this further

in Section Figure adapted from (2007).
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compared to the present-day (O Fionnagain & Vidotto, 2018)). As a result, these
two planets were likely to have been subjected to much harsher conditions. Due to
the lack of intrinsic magnetic fields, the solar wind can remove a significant amount
of material from their upper atmosphere (Kulikov et al., [2007; |Curry et al., [2015]).
Combined with the harsher conditions at earlier ages, the removal of material from
the atmospheres of Venus and Mars by the solar wind was likely to be even more
significant.

1.3 The stellar wind environments around
exoplanets

Wind outflows are not unique to the Sun. In fact, evidence for winds emanating
from other stars came prior to [Parker| (1958) via spectroscopic features, from the
likes of |Beals| (1929), [Kosirev| (1934]), and [Deutsch| (1956), albeit for stars more
massive/evolved than the Sun. Following from Parker’s prescription for the solar
wind, these signatures of outflowing material from other stars were re-interpreted
as stellar winds, which are now evident across the HR diagram (Deutsch, |1969).
Their existence also alleviated issues relating to how stars evolve towards the ends
of their lives (e.g. |(Cameron, [1959; [Parker} [1960)).

An important thing to note is that all the stars identified to be undergoing
mass-loss via stellar winds prior to the late 90s were massive/evolved stars (apart
from the Sun). The winds of these stars are distinct from the solar wind, in that
they are thought to be driven by momentum transfer from the stellar radiation
field, via either absorption from dust grains or scattering from the opacity of ions
(Lamers & Cassinelli, [1999). These are often referred to as dust/continuum-driven
and line/radiatively-driven winds respectively. This bias towards their earlier de-
tection is due to the fact that their mass-loss rates are many orders of magnitude
greater than the solar wind, and therefore have denser and faster winds which can
produce strong spectral signatures. These spectroscopic features that are powerful
diagnostics tools for the winds of massive and evolved stars are known as P Cygni
profiles (see [Puls et al.| [2008).

While it was the winds of massive/evolved stars that were initially discovered,
these are not representative of the majority of stars in our galaxy. The primary
stellar components of the galaxy are low-mass stars on the main-sequence, which
are powered by burning hydrogen in their cores. These stars are of spectral types
M, K, G, or F, and have masses ranging from around 0.1 to 1.5 solar masses (M),
and effective temperatures from 2400 to 7200 KE Within 10 parsecs of the solar
system, low-mass stars comprise 93% of all stars, with M dwarfs being the most
numerous at 75% (see RECONS, the REsearch Consortium On Nearby Stars).

Like the Sun, low-mass main-sequence stars exhibit hot coronae, as is evident
from their prominent X-ray emission (Gudel, [2004; ?). They also possess surface
magnetic fields, which are thought to be generated and sustained by convective
dynamos (Christensen et al. [2009). The magnetic fields of M dwarfs can be

LA Modern Mean Dwarf Stellar Color and Effective Temperature Sequence
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Figure 1.8: The radial surface magnetic field of the active M dwarf WX UMa. Maps
such as this are reconstructed from spectropolarimetric observations, using the method
known as Zeeman-Doppler imaging (ZDI, . The field here is well-described
by a dipole that is aligned with the rotation axis of the star, with a maximum strength
of 3 kilogauss. Figure from Kavanagh et al|(2022)) based on Morin et al|(2010).

upwards of a kilogauss in strength (Morin et all 2010), three orders of magnitude
see Figure

higher than the present-day Sun ( . There is a strong relationship
that holds over many orders of magnitude between the inferred surface magnetic
fluxes of low-mass stars and their X-ray emission, implying that their coronae are
magnetically heated (see Figure Pevtsov et al., 2003} [Vidotto et al., [2014).
Coronal X-rays have been identified on stars as massive as ATV (~ 1.7 Mp),
Schmitt et al., [1985; Peterson et al., [2006). Above this mass threshold, stars are
thought to transition to having radiative outer envelopes, lacking convection and
therefore the ability to sustain a dynamo-driven magnetic field. The evidence
for hot, magnetically-active coronae on low-mass main-sequence stars naturally
suggests that they are sources of solar-like coronal winds.

Low-mass main sequence stars are not only likely to have coronal winds, but
they also are found to host the bulk of the 5000+ exoplanets discovered to date.
As these stars can remain on the main-sequence for billions of years, understanding
their stellar wind environments is crucial to determining the long-term effects of the
wind outflows on the orbiting planets. M dwarfs are of particular interest in this
context, as they are both the most numerous in the galaxy, and are expected to host
the majority of Earth-like planets (see Gaidos et al.,|2016; Burn et al., 2021)). This
is not currently reflected in exoplanet statistics however, as M dwarfs can exhibit
high levels of activity which can hinder the detection of orbiting Earth-like planets
through traditional methods (e.g.|[Lanza et al.l 2011} |Andersen & Korhonen| [2015).
In Figure I show the breakdown of the number of exoplanets found to orbit
main-sequence stars as a function of their spectral type.

1.4 Measuring the winds of low-mass stars

The first evidence of winds originating from low-mass stars was presented by [Wood|
(1996)). Based on density maps of the local interstellar medium (ISM),
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Figure 1.9: The observed relationship between the surface magnetic flux of low-mass
stars and their X-ray emission. The data are from the Sun, main-sequence G, K, and
M dwarfs, and pre-main-sequence T Tauri stars. A power-law fit to the data indicates
that the X-ray luminosity Lx is proportional to the magnetic flux ®;**® implying that
their X-ray emission is produced via magnetic heating in their coronae. Note that the
magnetic flux values here are derived from the Zeeman broadening method, which are
typically denoted with the subscript ‘I’, whereas those derived from maps obtained via

the ZDI method (i.e. Figure [L.8) are denoted with the subscript ‘V’ (see [Kochukhov]

m Figure adapted from Pevtsov et al.| (2003).
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Figure 1.10: The number of exoplanets detected to orbit main-sequence stars as a function
of the host star spectral type. The vast majority of exoplanet discovered to date are
found to orbit main-sequence F—M stars, which are expected to exhibit coronal, solar-
like stellar winds. The percentage of exoplanets detected orbiting main-sequence stars
of each spectral type are shown above each bar. Data taken from the NASA Exoplanet
Archive on June 14th 2022. Note that many of the host stars in the database used here
do not have catalogued spectral types, so I have identified them using their effective
temperatures and radii based on A Modern Mean Dwarf Stellar Color and Effective
Temperature Sequence”,


https://exoplanetarchive.ipac.caltech.edu/
https://exoplanetarchive.ipac.caltech.edu/
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt

12 1.4 Measuring the winds of low-mass stars

observations with the Hubble Space Telescope revealed that Lyman « emission
from some stars was absorbed to a greater extent than what was expected from
purely the ISM. At the same time, theoretical models had been proposed which
predicted the existence of a ‘wall’ of hot neutral hydrogen at the heliopause (Pauls
et al.,|1995)), the region where there is pressure balance between the ISM and solar
wind outflow. This is effectively a scaled-up version of a planetary magnetopause.
This wall of neutral hydrogen is thought to form due to the compression and
heating of the ISM due to the motion of the heliosphere, the region inside the
heliopause, through the ISM (Wood et al., [2021)).

While the excess absorption of Lyman « emission from some stars could be
attributed to a neutral hydrogen wall at the Sun’s heliopause, [Wood et al.| (1996)
found that it was still not sufficient to explain the Lyman « profiles from the
stars € Eri and A And. |Wood et al.| (1996) therefore proposed that walls of neu-
tral hydrogen could exist around these stars also at their astropauses, the stellar
equivalent of a heliopause, formed in a similar manner as what was proposed for
the Sun. The scenario suggested by |[Wood et al.[(1996) is described in Figure m
The implication that these stars had heliospheres of their own, called astrospheres,
meant that they also had winds. This fit the narrative of these stars possessing
coronae, which had been suggested based on X-ray observations of main-sequence
stars up to spectral types of A7 (Schmitt et al., [1985). With a hot coronae, these
stars could drive a thermally-expanding stellar wind outflow in the same manner
as proposed by [Parker| (1958])) for the Sun.

Since the initial proposal of [Wood et al.| (1996)), around 30 main-sequence stars
have been identified to exhibit Lyman « absorption profiles consistent with that
expected from hydrogen walls at their astropauses (Wood et al., [2021)). Using
hydrodynamical models of stellar astrospheres, the Lyman « profiles of these stars
have been fit to determine their mass-loss rates. To date, this has been the most
successful method for measuring the winds of low-mass stars (Vidottol [2021]). More
recently however, other methods have also been used successfully to estimate stel-
lar wind mass-loss rates, namely based on the presence of prominences around
the star (Jardine & Collier Cameronl, 2019), and the evaporation of exoplanetary
atmospheres (Vidotto & Bourrier, [2017). Additionally, non-detections of thermal
radio emission from the winds of low-mass main-sequence stars can provide useful
upper-limits for their mass-loss rates (e.g. Fichtinger et al.; |2017]).

In Figure I show the inferred mass-loss rate per unit surface area for low-
mass main-sequence stars as a function of their surface X-ray fluxes. A power-law
fit to the data indicates a relationship between the two quantities, implying that
the energy source powering their X-ray emission also drives the wind outflows from
the coronae of these stars. This power law can be used to link the mass-loss rates of
low-mass main-sequence stars to their magnetic field strengths. Figure shows
the relation between the X-ray luminosity and surface magnetic fluxes derived
using the Zeeman broadening method (®;). However, a large fraction of the stars
shown in Figure [I.12] have reconstructed surface magnetic field maps available,
such as that shown in Figure (see Morin et al., 2008a} |Vidotto et al., 2014}
2016} [Folsom et al., 2018} [See et al.|2019; [Klein et al.,[2021a)). These maps are also
one of the main constraints for state-of-the-art models of stellar wind environments
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Figure 1.11: Sketch of the formation of the Lyman « absorption profile at 1216 A initially
proposed by [Wood et al.| (1996)). The line profile initially emitted from the star is shown
in the top left. Due to the motion of the heliosphere through the interstellar medium, the
region where the solar wind plasma dominates, a wall of neutral hydrogen builds up at
the heliopause (the edge of the heliosphere). If the star also is a source of a stellar wind,
the same process occurs. The wall of neutral hydrogen at the stellar astropause is the
first source of absorption of the stellar Lyman « emission as it leaves the system. This is
shown in the bottom left panel. The interstellar medium is the next source of absorption
(bottom middle panel). Finally, the hydrogen wall at the Sun’s heliopause absorbs in the
‘red wing’ of the line profile (bottom right panel). Depending on the wind mass-loss rate
of the star in question, the appearance of the Lyman a at Earth will change. By fitting
different models to observed Lyman «, the mass-loss rate of the star can therefore be

inferred. Figure adapted from .




14 1.4 Measuring the winds of low-mass stars

T T T T

T

_@ 5| Spectral type * P07

g 10F .

z E e M -

% L o K ° L3 - PR

= I G ® P

§ 10’ E F 4 e - ¢ 3

g F [ ] PR - E

Q C -~ -

B [ Pl

- S

< 10F - I ° .

§ E o . ” -

S -

g, L PY 5 9 - Method

% 10°F g~ A" Ve ° ®  Astrosphere

% FE -~ - I & Prominence 3

i L m  Exoplanet

S 10k % In-situ 4
E..1 | 1 ] | E

10* 10° 10° 107 10°

Surface X-ray flux (erg s™!)

Figure 1.12: Mass-loss rate measurements of all main-sequence low-mass stars obtained
to date as a function of their surface X-ray fluxes Fx. The mass-loss rate values (M) are
normalised to the stellar surface area 4w R, 2, where R, is the stellar radius. Each point is
coloured by its spectral type, and the symbols illustrate the method used to determine the
mass-loss rate. Downward-pointing arrows illustrate where the values are upper-limits.
The majority of these are obtained via the fitting of the Lyman a absorption profile of
the star as described in the text, which are listed in [Wood et al.| (2021). The estimates
from prominence formation are from Jardine & Collier Cameron| (2019)), and those from
exoplanets are from [Kislyakova et al|(2014]) and [Vidotto & Bourrier| (2017)). I also show
the in-situ measurements of the solar wind. The Sun’s X-ray luminosity varies by about
an order of magnitude between activity minimum and maximum (Judge et al., |2003),
and the mass-loss rate varies from 0.8 to 1.6 times the average value of 1.261 x 10'? g 71
(Finley et al. 2019). The power-law fit to the data from [Wood et al| (2021) is shown to
illustrate the overall increase in stellar wind mass-loss rate with surface X-ray flux.

for low-mass stars (Chapters and. Therefore, below I opt to use the readily-
available ®y values as opposed to ®;. Note that ®y values underestimate stellar
surface magnetic fluxes compared to those obtained with the Zeeman broadening
method, as the ZDI method cannot capture the small-scale magnetic field structure
of stars (Reiners & Basri, [2009). However, the two values are generally correlated
with one another (See et al., 2019).

The relation between the mass-loss rate per unit surface area of low-mass stars
and surface X-ray fluxes derived empirically by Wood et al| (2021) is:

M/R,? o Fx°™ o Lx" TR, 5. (1.1)

Similar to the Zeeman broadening case shown in Figure \Vidotto et al.| (2014)
derived the following relation between the X-ray luminosity and the surface mag-
netic fluxes @y obtained using the ZDI method for GKM dwarfs:

Lx x q)vl.SO. (12)
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Figure 1.13: Same as Figure but for the mass-loss rate per unit surface area as
a function of the star’s observationally-derived unsigned average surface magnetic field
strength (|By|). For stars with multiple magnetic field maps available, their min/max
values of (|By|) are joined with horizontal lines. The power law derived in Equation
is overlaid as a dashed line, neglecting the dependence on the stellar radius.

The surface magnetic flux relates to the average unsigned magnetic field strength
of the star (|By|) via ®y = 47R,*(|By|), giving

Ly o (| By )" R, 36,
Combining this with Equation [I.I] then gives
M/R.? « (|By|)" ¥R, (1.3)

In Figure I compare this relation to the observationally-derived values for
M/R,? and (|By|). These are in good agreement with one another, implying that
for low-mass main-sequence stars, stronger magnetic fields drive denser and faster
stellar wind outflows. This is neglecting the weaker dependence on the stellar
radius in Equation [1.3] which varies from around 0.1 — 1 solar radii for these stars.
The values of (| By |) however span almost three orders of magnitude.

1.5 Star-planet interactions

It was not long after the discovery of the first exoplanet orbiting a main-sequence
star in 1995 by [Mayor & Queloz| (1995) that astronomers began to speculate about
interactions occurring between stars and planets. The inspiration for many of these
came directly from the theoretical interpretation of observations from RS CVn-type
systems. These systems are typically comprised of a main-sequence/subgiant star,
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evolved
companion star

main-sequence
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Figure 1.14: Sketch of the magnetic interactions thought to occur in RS CVn binary
systems. Reconnection between the magnetic field of the low-mass main-sequence star
and the evolved companion star is thought to produce flaring in the system. Although
not explicitly shown, tidal interactions between the two bodies are also expected to spin
up the main-sequence star, which in turn increases its magnetic activity. In the context
of exoplanetary systems, RS CVn systems serve as an analogy for the interactions which
may occur between the star and planet. Figure adapted from |Uchida & Sakuraif (1983]).

orbited by a cool, evolved G/K-type companion star (Hall, |1976). The primary
star in these systems is thought to be spun-up by the evolved companion star via
tidal interactions, enhancing the dynamo of the primary and therefore increasing
its activity-related emission compared to if the star was isolated (Drake et al.,|1989;
Rubenstein & Schaefer, [2000)). In addition to this, magnetic interactions between
the two stars are also thought to enhance flaring activity, driven by magnetic
reconnection. An illustrative sketch is shown in Figure

The early population of discovered exoplanets was comprised of Jupiter-sized
planets orbiting very close to their starsEl, commonly referred to as ‘hot Jupiters’.
Soon after their discovery, parallels were made between these hot Jupiter systems
and RS CVn binaries. Through similar tidal interactions as in the case of RS CVn
systems, hot Jupiters were identified as being sufficient in mass and distance to the
star to act as a potential activity enhancer, inducing a tidal bulge on the stellar
surface (Cuntz et al.l 2000; [Saar & Cuntz, 2001). These are often referred to as
tidal star-planet interactions.

Alongside tidal star-planet interactions, magnetic star-planet interactions were
also proposed for hot Jupiter systems following from our understanding of RS CVns

2NASA Exoplanet Archive
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(Rubenstein & Schaefer} |2000; |Cuntz et al., 2000; [Ip et al., 2004). If like Jupiter
these planets have magnetospheres of their own (e.g. |Shkolnik et al., 2005; [Vidotto]
let al., [2010; Kislyakova et all 2014} [Cauley et all [2019), a similar reconnection-
driven mechanism could occur between the stellar and planetary magnetic fields,
producing enhanced emission on the star. Such a mechanism has been well-studied
on Jupiter itself, which interacts sub-Alfvénically with its moons lo, Europa, and
Ganymede (Neubauer] 1980; [Hess et al. 2008; [Saur et al., 2013). These interac-
tions produce Alfvén waves, which carry energy back towards Jupiter along the
magnetic field line connecting the two bodies, producing prominent emission in the
radio via the electron cyclotron maser instability and UV (see Section right
panel of Figure \Zarkal, |2007; Louis et all) [2017). The criteria for sub-Alfvénic
interactions is that the relative velocity between the stellar wind and the planet
Aw is less than the Alfvén velocity ua, which depends on the plasma density p
and magnetic field strength B at the planet’s position. This is often written as a
ratio, which is known as the Alfvénic Mach number:

Au Au
MA_uA_B/\/ZW<1' (1.4)
In the reference frame of the planet, the point where Au = ua is known as the
Alfvén surface, which encloses the region where M < 1.

Analogous of the interactions between Jupiter and its moons, sub-Alfvénic in-
teractions have been proposed for exoplanetary systems, with the star and planet
taking the roles of Jupiter and the moon respectively (Saur et al, 2013; Turn-|
penney et all [2018; (Cauley et al [2019). The criteria for these interactions to
occur is that the planet orbits inside the Alfvén surface of the wind of the host
star, the magnetic equivalent of the sonic surface. Inside this region, the speed
of Alfvén waves exceeds that of the outflowing wind, and the waves can therefore
travel back towards the star. The energy they carry is expected to subsequently
dissipate near the surface, producing emission at radio (Turnpenney et al., 2018
Kavanagh et all 2021}, [2022), infrared, optical, UV (Shkolnik et al., 2003| 2008
Klein et all 2022), and X-ray wavelengths (Lanza), 2009; Pillitteri et al., 2011). A
sketch outlining this process is shown in Figure In late 2021, the first tenta-
tive detection of such interactions at radio wavelengths were reported for a sample
of main-sequence M dwarfs at radio wavelengths by Callingham et al.| (2021)).

Another type of interaction thought to occur in exoplanetary systems are those
between planets and the winds of their host stars. I will refer to these as wind-
planet interactions. Signatures of these types of interactions again are predicted to
occur across a wide range of wavelengths, and also cover a broad range of different
mechanisms. One type of wind-planet interaction is linked to the irradiation of
the planet via the star. Close-in exoplanets have been observed to transit their
host stars with a much larger effective radius in Lyman « than in the optical (e.g.
[Lecavelier des Etangs et al [2012). The theoretical interpretation for this is that
the strong stellar X-ray/UV radiation incident on the upper atmosphere of the
exoplanet causes it to escape, effectively inflating the planet. This material can
readily absorb Lyman « emission, and therefore blocks a much greater fraction
of the stellar radiation than in the optical. However, if the wind of the host




18 1.5 Star-planet interactions

reflected electrons
power ECMI (radio)

electrons
accelerated electrons heat
towards star " the chromosphere

(IR, visible, UV)

o
Alfvén o %%

= } ‘ -

7

energy release from
coronal field (X-rays)

magnetised
planet

star-planet \
flux tube sub-Alfvénic orb

Figure 1.15: Sketch illustrating the different types of radiation associated with magnetic
star-planet interactions. Interactions between the planetary and stellar magnetic field
produce Alfvén waves, which travel back towards the star. These waves can interact
with electrons, accelerating them. Such a process has been identified to power emission
via the electron cyclotron maser instability, which produces circularly polarised radio
emission. The Alfvén waves can also directly deposit energy at the surface of the star,
heating the chromosphere. Signatures of this are thought to occur at infrared, visible,
and UV wavelengths. Additional energy may also be released via X-ray emission from the
small-scale coronal magnetic field, as suggested by . Figure from Kavanagh
et al. (in prep.).
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star is also strong, it may hinder or ‘confine’ the escape of the irradiated upper
planetary atmosphere (Vidotto & Cleary], |2020)), therefore altering the Lyman «
transit compared to if there was no stellar wind present (Carolan et al.,2021)). In
theory, by observing Lyman « transits of exoplanets, the mass-loss rates of the
host star’s wind can be inferred (Vidotto & Bourrier, [2017).

Additional types of wind-planet interactions can also occur if the planet has an
intrinsic magnetic field. For instance, if the stellar wind outflow is super-Alfvénic
in the reference frame of the planet, a bow shock will form around the planet
(Bagenal, [2013)). The build-up of material at the nose of the bow shock is thought
to form potentially observable signatures in the UV as the planet transits its host
star (Vidotto et al., |2010; [Llama et al.| [2011)).

Over the last 30 years, the most searched for signatures of wind-planet inter-
actions are exoplanetary aurorae. In the solar system, the solar wind interaction
with the magnetised planets produces bright aurorae that are particularly promi-
nent at radio and UV wavelengths (as discussed in Section [1.2)). |Zarka) (1998]) was
the first to suggest that the same process could occur on exoplanets providing they
are magnetised, which could in theory be used as an alternative way to find new
exoplanets and measure their magnetic field strengths.

The main driver in the search for auroral radio emission from exoplanets is
firstly that at low frequencies, Jupiter’s auroral emission outshines the Sun by
roughly 3 orders of magnitude (Zarkaj |2007). If the same scenario holds for exo-
planets, there should be no issues with regards to the contrast of their emission
relative to their host star, as opposed to at other wavelengths (e.g. UV). The
second motivating factor comes from the aforementioned radiometric Bode’s law
(Figure . As hot Jupiters lie much closer to their host stars than any planet
to the Sun, they are expected to experience much stronger stellar winds (Vidotto
et all) 2015; Kavanagh et al. 2019). Assuming that the radiometric Bode’s law
holds for higher incident wind powers, it tells us that the closer a planet gets
to its host star, the higher the radio power of its aurora will be. This is also
true for planets with larger magnetospheres, which in turn relates to the planet’s
magnetic field strength, as they intercept a higher magnetic flux from the wind
outflow. With the combination of their close-in nature and their potentially strong
magnetic fields (Cauley et al., [2019), hot Jupiters could exhibit intense aurorae
at radio wavelengths. While searches have taken place over the last 30 years, the
first tentative detection of such emission was only recently presented by [Turner
et al.| (2021), who reported potential auroral-like radio emission originating from
the hot Jupiter 7 Boo b. The reason for the lack of detections is a main topic of

Chapters 2] & [3]

1.6 Thesis outline

Chapter 2: Tuning in to the radio environment of HD189733b
In this chapter of the thesis, I explore scenarios for wind-planet interactions occur-
ring on the well-known hot Jupiter HD189733b. This planet orbits very close to its
magnetically-active host star at a distance of 0.03 au (3% of the distance between
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the Earth and Sun), and is therefore a strong candidate for auroral radio emission
following from Sections[I.2and[L.5] To investigate this, I perform 3D MHD simula-
tions of the wind of the host star, using the BATS-R-US MHD solver (Powell et al.,
1999: |Toth et all 2012). These models are constrained by the observationally-
derived surface magnetic field maps of the star during 3 epochs from |[Fares et al.
(2017), providing snapshots of the stellar wind environment around HD189733b.
A polytropic index -y is used to mimic the magnetic heating of the corona, wherein
the thermal pressure p relates to the density p as p o« p”.

One of the key findings of this work is that while auroral radio emission could
be generated on HD189733b within the detection limits of current-generation radio
telescopes such as LOFAR, it may be absorbed significantly by the wind of the
star through thermal processes. I refer to these regions as the ‘radio photosphere’
of the stellar wind, and show that the detection of planetary radio emission is
most favourable when the planet is near primary transit, which is very useful for
guiding future radio observations. The contents of this chapter were published
in the Monthly Notices of the Royal Astronomical Society (MNRAS), 2019, 485,
4529 (Kavanagh et al., [2019).

Chapter 3: Radio eclipses of exoplanets by the winds of their
host stars

Following from the results presented in Chapter |2 in this chapter I investigate the
effects of different stellar wind properties on the duration where the planet orbits
inside the radio photosphere. The morphology of this phenomenon resembles that
of an eclipse, and so I refer to it as a ‘radio eclipses’. Using a code developed
to solve for the wind solution obtained by [Parker| (1958), I perform a parametric
study where I vary the stellar wind temperature and mass-loss rate, as well as the
orbital distance and inclination, determining how each affects the duration of the
radio eclipses. I show that observing such an eclipse in the radio can be used to
infer the properties of the stellar wind, which so far has been limited to a handful
of cases (e.g. Figure . This work was published in MNRAS, 2020, 493, 1492
(Kavanagh & Vidottol [2020]).

Chapter 4: Planet-induced radio emission from the coronae
of M dwarfs

The topic of the next chapter shifts towards magnetic star-planet interactions on
low-mass stars. The inspiration for this work comes from the recent detections
of radio emission from a sample of M dwarfs, some of which are indicative of
these types of interactions (i.e. [Vedantham et al.| |2020; [Pérez-Torres et al.l 2021}
Callingham et al., |2021). In this work, I explore the scenario for magnetic star-
planet interactions occurring on the nearby M dwarfs Proxima Centauri (Prox Cen)
and AU Microscopii (AU Mic). Both of these stars are host to close-in planets,
and have recently had their surface magnetic fields reconstructed by [Klein et al.
(2021a) and Klein et al.| (2021b) respectively. In a similar manner to Chapter I
use these maps as constraints for 3D MHD models of the winds of the stars. Note
that in this work, I utilised an Alfvén-driven wind model (AWSoM [van der Holst
et al., [2014), which heats the corona through the dissipation of Alfvén waves, as
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opposed to via as polytropic index as used in Chapter[2] The estimated mass-loss
rate for Prox Cen of M < 4 x 10713 Mg yr~t (Wood et al., 2001) provides an
additional constraint in this work.

The main condition that determines if magnetic star-planet interactions can
occur is if the planet orbits inside the Alfvén surface of the stellar wind (Equa-
tion . Using the model for the stellar wind, I show that Prox Cen b orbits
outside this region for its entire orbit. Therefore, it is not expected that such
interactions could occur, which is at odds with the tentative detections of such
interactions suggested by |Pérez-Torres et al.| (2021). For AU Mic on the other
hand, its mass-loss rate is relatively unconstrained. I show that in the case where
it has a low mass-loss rate, both planets b and c orbit inside the Alfvén surface
for most of the time. This finding shows that a detection or non-detection of
magnetic star-planet interactions can be used to estimate the mass-loss rate of
low-mass stars, complementing the results of Chapter [3| The results of this work
were published in MNRAS, 2021, 501, 1511 (Kavanagh et al., 2021).

Chapter 5: Radio masers on the active M dwarf WX UMa
The final chapter of the thesis focusses on the active M dwarf WX UMa from
the sample published by |Callingham et al.| (2021]), which is one of two stars in
the sample with available surface magnetic field maps (the other being AD Leo,
Morin et al., [2008b; [Lavail et al., [2018). In the case of WX UMa, |Callingham
et al.| (2021) suggested that its observed radio emission is likely to be attributed
to cyclotron emission, which is expected from magnetic star-planet interactions
(Section . The interesting aspect about WX UMa is that there has yet to be
a planet detected to orbit it, which may be due to the fact that the star is very
active (Morin et al., 2010). To explore this scenario, I utilise a magnetic field map
of the star obtained by Morin et al.[(2010) as a constraint for the stellar wind using
the AWSoM model. The mass-loss rate for the star is not known, so I estimate it
based on its surface X-ray flux via Equation [I.1] giving around the solar value of
2x 107 Mg yr—t.

I then approach the question in the opposite way to the case of Prox Cen and
AU Mic in Chapter [d which have well-established planetary orbits and properties,
which is: where can a planet be placed around WX UMa such that the emission it
induces reproduces the observations? To answer this question, I develop a model
which accounts for the stellar magnetic field line that connects to the planet at
any given time, which determines if the emission can be seen by an observer. By
exploring a parameter space for the orbit and properties of the hypothetical planet,
and using a prescription for the power of the emission from [Saur et al| (2013), I
show that a Neptune-sized exoplanet orbiting the star around every 5 days at a
distance of 0.034 au can reproduce the observed radio emission from the star. I also
derive magnetic field strengths for the planet of 10 — 100 G. The model developed
in this work has fantastic applications to future radio observations for identifying
planet candidates around active stars.

In this work, I also explore a scenario for generating circularly polarised emis-
sion on WX UMa without needing the presence of a planet. This is inspired by
the phenomenon on Jupiter, where its auroral emission is in part attributed to
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the so-called ‘breakdown of co-rotation’ (Cowley & Bunce| 2001)), as well as that
expected from massive magnetised stars (Linsky et al., [1992; Trigilio et al.l 2004;
Owocki et al., [2022). This type of emission could also reproduce the observations
relatively well, albeit with a different modulation than that induced by an orbiting
planet. Therefore, models such as this should be explored in future in conjunction
with planet-induced models when interpreting potential planet-induced signals.

1.7 Outlook

In this thesis, I have explored scenarios for wind-planet and magnetic star-planet
interactions, utilising state-of-the-art stellar wind simulations, which are con-
strained by information derived directly from a variety of observations. These
models provide snapshots of the wind environments of stars, which provide a
wealth of information about the plasma surrounding the planet, which is not gen-
erally obtainable via other means. The plasma environment tells us if and when
interactions between the star and planet can occur, and if so, their strength and
modulation. Thanks to the ever-increasing sensitivity of current-generation tele-
scopes such as LOFAR, low-mass stars are beginning to light up the sky at radio
wavelengths, many of which are indicative of star-planet interactions. Therefore,
there is a mounting need for sophisticated models to predict and interpret these
signals, such as those presented in this thesis.

Looking forward, my aspirations for the work presented here are for it to be
used to guide and interpret upcoming radio observations. Combining predictions
for planets around stars with traditional methods such as the radial velocity and
transit method will hopefully lead to the first confirmed detection of an exoplanet
in the radio regime. The model developed in the final chapter also has great
potential to be applied not only to other stars, but to magnetised exoplanets and
brown dwarfs, which are also expected to exhibit similar emission.

In terms of specific systems, Prox Cen has recently become a target of renewed
interest in the context of magnetic star-planet interactions, as a new planet has
been found to orbit it (Faria et al.l [2022). Unlike planet b, which is likely to orbit
entirely outside the Alfvén surface (Chapter , this newly-discovered planet d or-
bits sub-Alfvénically for over 50% of its orbit, wherein it could produce observable
signatures on the star via magnetic star-planet interactions (Kavanagh et al., in
prep.). The utilisation of the model developed in the final chapter of this thesis
can be used to predict the morphology of both the radio signal, as well as in the
UV, as has been done in the case of AU Mic (Kavanagh et al., 2021} [Klein et al.,
2022). By planning future observations of the system guided by the model, Prox
Cen could serve as a fantastic test bed for benchmarking these models of magnetic
star-planet interactions.

Other targets detected in the LoTSS survey are also worth exploring with the
model developed in Chapter 5} One example is the inactive star GJ1151 in the
sample from |Callingham et al| (2021). Due to its inactivity and slow rotation, it
is unlikely that its radio emission could be attributed to an alternative emission
mechanism such as those explored for WX UMa. In addition, recent radial velocity
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searches hint at the presence of a planet around the star (Mahadevan et al., 2021,
in agreement with the suggestions of Vedantham et al|(2020). The current missing
piece of this puzzle however is the lack of a surface magnetic field map. With this,
the radio emission from the star could be interpreted in the same was as for
WX UMa, utilising a stellar wind model for the star.
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2 | Tuning in to the radio
environment of HD189733b

2.1 Abstract

We present stellar wind modelling of the hot Jupiter host HD189733, and predict
radio emission from the stellar wind and the planet, the latter arising from the
interaction of the stellar wind with the planetary magnetosphere. Our stellar wind
models incorporate surface stellar magnetic field maps at the epochs Jun/Jul 2013,
Sep 2014, and Jul 2015 as boundary conditions. We find that the mass-loss rate,
angular momentum-loss rate, and open magnetic flux of HD189733 vary by 9%,
40%, and 19% over these three epochs. Solving the equations of radiative transfer,
we find that from 10 MHz-100 GHz the stellar wind emits fluxes in the range
of 1073-5 uJy, and becomes optically thin above 10 GHz. Our planetary radio
emission model uses the radiometric Bode’s law, and neglects the presence of
a planetary atmosphere. For assumed planetary magnetic fields of 1-10 G, we
estimate that the planet emits at frequencies of 2-25 MHz, with peak flux densities
of ~ 102 mJy. We find that the planet orbits through regions of the stellar wind
that are optically thick to the emitted frequency from the planet. As a result,
unattenuated planetary radio emission can only propagate out of the system and
reach the observer for 67% of the orbit for a 10 G planetary field, corresponding
to when the planet is approaching and leaving primary transit. We also find that
the plasma frequency of the stellar wind is too high to allow propagation of the
planetary radio emission below 21 MHz. This means a planetary field of at least
8 G is required to produce detectable radio emission.

2.2 Introduction

Low-mass stars (0.1 — 1.3 M) lose mass throughout their entire lives in the form
of quiescent stellar winds. These stars also exhibit magnetic activity at their sur-
faces, and are observed to undergo variations in magnetic field strength (e.g. [Fares
et al., 2017)) and polarity reversals over time (e.g. Donati et al., 2008a; Boro Saikia
et all 2016). The Zeeman Doppler imaging (ZDI) technique, used to reconstruct
large-scale surface stellar magnetic fields (Donati et al., [1997)), has revealed that
magnetically active stars exhibit complex magnetic topologies that can vary as
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rapidly as a few rotation periods (Boro Saikia et al.,|2015), over one magnetic cy-
cle (Fares et al., 2009; Boro Saikia et al., 2016), and over evolutionary timescales
(Petit et al., [2008; [Vidotto et all 2014). These variations in field strength, both
over time and across the stellar surface, drive stellar wind outflows that vary in
strength over different timescales (Nicholson et al. [2016]).

As the stellar wind propagates out into the interplanetary environment, the
variations of its properties are most strongly felt by close-in exoplanets (orbital
distances a < 0.5 au). These exoplanets form a large proportion of the detected
planets orbiting low-mass stars. At such close proximity, these planets are likely
to be subjected to much harsher wind conditions from the host star than those ex-
perienced by the solar system planets (Vidotto et al 2015)). For example, close-in
hot Jupiters have been observed to exhibit extended atmospheres, which is shaped
by the interaction of the stellar wind with the planetary atmosphere
des Etangs et al, 2012} [Bourrier & Lecavelier des Etangs, 2013}, [Bourrier et al.]
2016). The presence of close-in planets may also enhance the magnetic activity of
the host star, both through tidal and magnetic interactions (Cuntz et al., [2000;
et al., |2004; [Shkolnik et al., |2008)).

Stellar winds are believed to power exoplanetary radio emission, similarly to
what occurs in the solar system for Earth, Jupiter, Saturn, Uranus, and Neptune.
This radio emission occurs via the Cyclotron Maser instability (see
, wherein energetic electrons spiral through planetary magnetic field lines
towards polar regions of strong magnetic field. This emission process has also
been observed for low-mass stars (Bingham et al., 2001; Llama et all |2018]). The
process for planets is powered by the dissipation of the magnetic flux of the stellar
wind on the magnetosphere of the planet. As close-in exoplanets are likely to
be subjected to more energetic winds, it is expected that radio emission occurs
for these planets at higher powers (Zarka et all 2001). If detectable, this would
serve as a new direct detection method for exoplanets, show that exoplanets are
magnetised, and also act as a method to probe the stellar wind of the host star.
So far, there has yet to be a conclusive detection of exoplanetary radio emission,
despite numerous efforts (Smith et all, 2009} [Lazio et all, [2010b} [Lecavelier des|
Etangs et al [2013} [Sirothia et al., 2014; O’Gorman et al. [2018).

However, the detection of planetary radio emission could be inhibited due to
dense stellar winds, which can absorb emission at radio wavelengths (Vidotto
. The winds of low-mass stars are known to be sources of radio
emission, arising through thermal free-free processes (Panagia & Felli,|1975; Wright|
& Barlow, [1975; |Giidel, 2002; (O Fionnagain et al., [2019a), which depend on both
the density and temperature of the wind. By the same process, the wind can self-
absorb the generated free-free radio emission if the optical depth is high enough.
As aresult, if a planet emitting its own radio emission orbits through regions of the
wind that are optically thick to the planetary frequency, the planetary emission
will also be absorbed.

In this paper, we investigate the radio environment of HD189733b, which orbits
the main-sequence K2V star HD189733. As part of the MOVES (Multiwavelength
Observations of an eVaporating Exoplanet and its Star, PI: V. Bourrier) collabora-
tion, we model the wind of the star using surface magnetic field maps presented in
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Table 2.1: Planetary and stellar parameters of HD189733b and its host star.

Parameter Value
Star:

Stellar mass (M,)* 0.78 Mg
Stellar radius (Rx)* 0.76 R
Rotational period (Pmt)2 11.94 days
Distance (d)? 19.8 pc
Planet:

Planetary mass (M;)* 1.13 Miup
Planetary radius (Rp)* 1.13 Ryup
Orbital distance (a)* 8.8 R,
Orbital period (Porp)* 2.2 days

1: [Llama et al|(2013); 2: [Fares et al|(2010); 3: |Gaia
|Collaboration et al.|(2018); 4: [Stassun et al.| (2017))

[Fares et al.| (2017), and calculate the radio emission from the stellar wind and plan-
etary magnetosphere. Due to the close proximity of the planet to its host star, the
system has been the subject of many star-planet interaction studies
20105 (Cauley et al., [2018). The host star is also very active. Its magnetic field has
been observed to vary in unsigned average field strength from 18 to 42 G over a 9
year period (Fares et al.,[2017). This short-term variation (~ 1 year), in combina-
tion with the small orbital distance of the planet and strong stellar magnetic field,
is likely to power time-varying radio emission from the planet that could be orders
of magnitudes larger than those from planets in the solar system. The variations
of the stellar wind properties at the planetary orbit could also lead to variations
in the UV transit lightcurve over time (Lecavelier des Etangs et al., 2012; Bourrier]
|& Lecavelier des Etangs) 2013; [Llama et al., 2013)).

The layout of this paper is as follows: in Section [2.3] we present our modelling
and radio emission calculation of the wind of HD189733. Then, in Section [2.4] we
calculate the planetary radio emission. We investigate different scenarios where
the planetary radio emission may be unable to propagate out of the planetary
system in Section We discuss our findings in Section [2.6] and then present a

summary and conclusions in Section

2.3 Stellar wind of HD189733

2.3.1 Modelling the stellar wind

To model the wind of HD189733, we use the 3D magnetohydrodynamical (MHD)
code BATS-R-US (Powell et al[1999; [T6th et al.,[2012)), modified by [Vidotto et al,
(2012). BATS-R-US has been used to model stellar wind outflows in the context
of low-mass and planet-hosting stars (e.g. [Vidotto et al 2012} [Llama et all [2013}
\Cohen et al 2014} |Alvarado-Goémez et all, 2016; |O Fionnagain et al., 2019a).
BATS-R-US solves the ideal set of MHD equations, for conservation of mass,
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magnetic flux, momentum, and energy respectively:

0
ap+v~ (pu) =0, (2.1)
0
5B+ (uB — Bu) =0, (2.2)
0 B? BB
a(pu) +V- {puu + (p+ 87r>I v } = pg, (2.3)
) B2 (u-B)B

These equations are solved for a plasma with a mass density p, velocity u =
{ug, uy, u,}, magnetic field B = {B,, By, B, }, and thermal pressure p. Here, I is
the identity matrix, and ¢ is the total energy density:

2 B2

iy 7 2.5
cT +7—1+87r7 (2)

where v is the polytropic index.

The inputs of BATS-R-US are the stellar mass M, and radius R,, which pro-
vide the surface gravity g, coronal base temperature 7y and number density ng,
rotational period P,, and surface magnetic field map. In our wind simulations,
we make the following assumptions:

1. The wind is an ideal gas: p = nkgT, where n = p/(ump) is the number
density, kg is Boltzmann’s constant, and T is the temperature. Here, um,
is the mean mass per particle.

2. The wind is composed of fully ionised hydrogen, so we adopt a value of
w=0.5.

3. The wind is polytropic: p x p”.

Provided that we have derived values for the stellar mass, radius, and rotational
period, we are left with the following free parameters in our models: Tg, ng, and
7. For the coronal base temperature T, we adopt a value of 2 x 10° K, which is
typical for the coronae of K stars (Johnstone & Gudel, 2015). For the base number
density ng, we assume 10'° cm~3. We take v = 1.1 for the polytropic index, which
is similar to the effective adiabatic index of the solar wind (Van Doorsselaere et al.,
2011). This set of parameters produce a mass-loss rate of ~ 3 x 107'% My yr~!
for HD189733, which is in the range of inferred mass-loss rates for active K stars
(see (Wood, 2004} |Jardine & Collier Cameron| [2019; [Rodriguez et al., [2019)).

To simulate the wind variability of HD189733, we implement surface magnetic
field maps obtained for the star at different epochs, which were reconstructed
from observations by [Fares et al| (2017) using the ZDI technique. The maps
implemented were obtained at the epochs Jun/Jul 2013, Sep 2014, and Jul 2015,
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Figure 2.1: Mollweide projections of the radial surface magnetic field of HD189733 at
the three epochs Jun/Jul 2013 (top left), Sep 2014 (top right), and Jul 2015 (bottom),

which were reconstructed from observations by (2017). We implement these

as boundary conditions in our stellar wind simulations.

and are shown in Figure[2.1] These maps allow us to estimate the yearly variability
of the stellar wind properties and the planetary radio emission. The field strength
at these epochs are also some of the largest observed for the star, for which we
expect should drive strong radio emission from the planet. We simulate the wind
with a grid that extends from —20 R, to +20 R, along the x, y, and 2z axes, with
the star at the centre. To solve for the magnetic field in the wind, we fix the
radial component B, based on the ZDI map at each epoch, and assume an outflow
or ‘float’ condition for meridional By and azimuthal B4 components, where we
take their derivative with respect to the radial coordinate to be zero. We also
incorporate adaptive mesh refinement in our grid. Our grid resolution ranges from
~ 0.01 R, to 0.3 R,, with the finest resolution occurring in the region from 1 R,
to 2 R,. This is equivalent to a refinement level of 10 quoted in
(2016), and has a total of 39 million cells. [Nicholson et al| (2016) investigated
the effects of increasing the grid resolution to a refinement level of 11 on the
derived global wind properties, and obtained marginally more accurate results.
Given that the large number of cells in a grid of this size (~ 300 million) is very
computationally expensive, we adopt a refinement level of 10 in this work.

With everything in place, we set our simulation to run until a steady state
is obtained. We take this to be the point where various global wind properties
such as the mass-loss and angular momentum-loss rates vary by < 1% between
iterations. The stability of these values as a function of distance from the star
also indicates that a steady state has been obtained. When these conditions are
satisfied, we take the wind model to be complete.




30 2.3 Stellar wind of HD189733

2.3.2 Stellar wind variability of HD189733

From our simulations, we derive the global wind properties of HD189733 at Jun/Jul
2013, Sep 2014, and Jul 2015, as described by [Vidotto et al.|(2015). The mass-loss
rate M of the star is calculated as:

M = y{ purdS, (2.6)
5

where S is a spherical surface above the stellar surface at a specified distance.
The angular momentum-loss rate of the star J is calculated as the flux of angular
momentum through S:

. B,B,
J :j{ [ Flelr +wu¢pur} ds, (2.7)
S 47

where w = (22 +y2)1/ 2 is the cylindrical radius. The unsigned open magnetic flux

of the stellar wind ®gpen is:
@ open :j{ | B-|dS. (2.8)
s

We compute M, J, and ®open at concentric spherical surfaces S around the
star from 10 R, to 20 R,, and take the average value in this region. Our computed
values are listed in Table[2:2] We find that the wind properties of HD189733 vary
over time in response to its changing magnetic field topology, with the mass-loss
rate, angular momentum-loss rate, and open magnetic flux varying by 9%, 40%,
and 19% respectively over the three modelled epochs, relative to the maximum
over the three epochs. These results are comparable to those found by other
stellar /solar wind models (Vidotto et al.| 2012; Nicholson et al., [2016; [Réville &
Brun, [2017), wherein small variations in M (>20%) and large variations in .J
(~50-140%) are seen over timescales of half to multiple magnetic cycles.

As we implement magnetic field maps with complex topologies in our wind
simulations, we find that the wind of HD189733 is inhomogeneous. This can be
seen in the profiles of the radial wind velocity in Figure[2:2] As a result, the planet
experiences a non-uniform wind as it progresses through its orbit. Table 23] lists
the average values of various wind properties at the planetary orbit at 8.8 R,
as well as their min/max values in the orbit. We find that the particle number
density and velocity of the wind relative to the motion of the planet vary from 29-
37% and 25-32% respectively throughout the orbit across the three epochs. These
variations are likely to be observable in the UV transit of the planet (Lecavelier
des Etangs et all [2012; Bourrier & Lecavelier des Etangs, [2013]). From a previous
transit of the planet in 2011, Bourrier & Lecavelier des Etangs| (2013) derived a
stellar wind velocity of 200 km s~! and density of 10% cm ™3 for HD189733 at the
planetary orbit, based on the Lyman-a absorption from the extended atmosphere
of the planet in the saturation regime. These values are in good agreement with
the stellar wind properties at the planetary orbit in our models. Our temperature
however is a factor of ~ 30 higher than their derived value of 3 x 10* K. The cause
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Table 2.2: Global wind properties derived for HD189733 in Jul/Jul 2013, Sep 2014, and
Jul 2015. The values listed are the mass-loss rate M, angular momentum-loss rate J,
unsigned open magnetic flux ®open, and unsigned magnetic flux at the surface ®o.

Epoch M J Popen o
(1072 Mg yr™")  (10°" erg) (o) (10°° Mx)
2013 3.2 5.5 0.39 4.5
2014 3.0 5.2 0.48 3.0
2015 2.9 3.3 0.40 2.7

of this discrepancy could be due the fact that our models do not consider detailed
heating and cooling mechanisms for the stellar wind (Vidotto & Bourrier} 2017)).

We also calculate the average value of the magnetic field strength at the orbit
of the planet for each epoch. We find that the ambient field around the planet at
the three epochs are 62.1, 55.6, and 44.6 mG respectively, which are about twice
the values calculated using the potential field source surface method (PFSS) (Fares
et all |2017). This is due to the assumption in the PFSS method that the stellar
magnetic field is in its lowest energy state, which neglects that the stellar wind
stresses on the stellar magnetic field lines. From the total pressure values (ram,
thermal, and magnetic pressures) listed in Table we also see that HD189733b is
subjected to a wind pressure that varies by over 2 orders of magnitude throughout
its orbit and over time.

In Figure 2.2] we also show that at each epoch the planet orbits outside of
the Alfvén surface, where the wind poloidal velocity equals the Alfvén velocity:
vA = Bpol/V/4mp (Bpol is the poloidal magnetic field strenght of the stellar wind).
This means the planet is orbiting in the ram pressure-dominated region of the
wind. As a result, we do not expect any magnetic star-planet interactions (SPI)
at these epochs, as information cannot propagate back to the star (Shkolnik et al.,
2008; [Lanzal, [2012). However, due to the variability of the stellar magnetic field,
there may be epochs in which the planet orbits inside the Alfvén surface, and
is in direct connection to the star. During these epochs, the planet may induce
hot chromospheric spots in the star. For instance, |(Cauley et al| (2018) recently
reported Ca II K modulations with a period coinciding with the planetary orbital
period of 2.2 days in Aug 2013, implying that magnetic SPI may have occurred at
this epoch.

2.3.3 Radio emission from the stellar wind

We calculate the free-free radio emission of the stellar wind of HD189733, imple-
menting the numerical code developed by /O Fionnagain et al.| (2019a)). In this
model, we solve the equations of radiative transfer for our wind models, assuming
that it emits as a blackbody. The equations are solved for the line of sight of an
observer placed at x = —oo, looking towards the star. The choice of the direction
of the line of sight has negligible effects on the results of our calculations. We
compute the free-free radio spectrum for the wind of HD189733 in the frequency
range of 10 MHz to 100 GHz. In this region, we find that there are negligible dif-
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HD189733

Jul 2015

Figure 2.2: Simulated stellar wind of HD189733 in Jun/Jul 2013 (top left), Sep 2014 (top
right), and Jul 2015 (bottom). Grey lines show the large-scale structure of the magnetic
field of HD189733, which is embedded in the stellar wind. Profiles of the radial velocity
(ur) of the stellar wind in the orbital plane of the planet are shown. The orbit at 8.8 R
is shown with a black circle, and Alfvén surfaces are shown in white. The orientation in
each panel is the same.
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Table 2.3: Average stellar wind parameters of HD189733 at the planetary orbit for each
modelled epoch. The values listed are the particle number density n, velocity in the
reference frame of the planet Au, magnetic field strength B, temperature T, and total
pressure pgot of the stellar wind. The values quoted in square brackets are the min/max
value of each parameter throughout the orbit, respectively.

Epoch (n) (Au) (B) (T) (Ptot)
(10° cm™3)  (km s™') (mG) (10° K) (107* dyn cm™2)
2013 4.0 235 62.1 1.03 1.71
[3.3,5.2]  [188,270] [2.2,84.9] [0.94,1.22]  [<0.01, 2.87]
2014 3.8 220 55.6 0.97 1.37
3.0,4.7]  [183,271] [1.9,79.1] [0.93, 1.17]  [<0.01, 2.49]
2015 3.7 212 44.6 0.95 0.86
[3.2,45]  [196,260] [3.9,57.8] [0.92, 1.05] [0.01, 1.33]

ferences between the fluxes for each epoch. Figure[2.3|shows the spectra calculated
for Jun/Jul 2013. The flux densities calculated range from ~ 1072 to 5 uJy. At
such low flux densities, this emission is unlikely to be detected with current radio
telescopes. However, future developments, such as the Square Kilometre Array
(SKA), are likely to allow for the detection of this emission from low mass stars,
such as HD189733 (see Section [2.6)).

We also find that the wind of HD189733 becomes optically thin at 10 GHz. For
frequencies less than this, regions of the wind are optically thick, which become
larger towards lower frequencies. Inside these regions or ‘radio photospheres’; the
wind will self-absorb its own emission. In addition to this, if the planet emits
cyclotron emission and orbits within the radio photosphere for the emitted fre-
quency, this emission would also be absorbed by the stellar wind. We investigate
this scenario in Section 2.5.11

We note that the free-free radio emission from the stellar wind depends on the
density profile of the wind, which is determined by coronal base density ng, a free
variable in our simulations. We discuss the effects of a lower density wind on the
radio emission in the Appendix.

2.4 Predicting planetary radio emission from
HD189733b

To predict the planetary radio emission from HD189733b, we follow the description
by [Vidotto & Donati| (2017 (see also works by |[Zarkal [2007). Pressure balance
between the stellar wind (ram, thermal, and magnetic) and the planet (magnetic)
pressures gives us the size of the planetary magnetopause Ryy:

1/6

(Bp/2)2/877 Ry, (2.9)

pAu® +p+ B2 /8

Rm = 21/3




34 2.4 Predicting planetary radio emission from HD189733b

10

T T T T T T T T T T T T T T T T TTT

T T T
[ BT

10

10

Flux (uJy)
|

107

-3
10 " E Ll ‘ | Ll L
10 MHz 100 MHz 1 GHz 10 GHz 100 GHz

Frequency

Figure 2.3: Free-free radio emission spectra of the stellar wind of HD189733 at
Jun/Jul 2013. There are negligible differences between the wind spectra for the three
modelled epochs.

where B, is the strength of the dipolar planetary magnetic field at the poles, R}, is
the planetary radius, and Aw is the magnitude of the relative velocity between the
wind u and Keplerian velocity of the planet uk: Au = u — uk, ux = /GM,/a.
Note that we neglect the ram and thermal components of the planetary pressure.
In our model, the radio emission arises from polar cap regions at co-latitudes ag

from the poles:
1/2
ap = sin”! [(gp) } (2.10)

m

Assuming an aligned dipolar planetary magnetic field, the field strength at this

co-latitude is:

1/2

B
B(ag) = 7"(1 + 3 cos® ay) (2.11)

Radio emission then occurs via the Cyclotron Maser instability at a maximum
frequency of:

1G

The polar cap region where this emission originates forms a hollow cone with solid
angle w:

fo= 2,8<B(a0)> MHz. (2.12)

]
w = 8msin ag sin 70[, (2.13)

where da is the thickness of the cone. We adopt a value of o = 17.5°, which is

the estimated thickness for Jupiter’s emission cone (Zarka et al.| [2004)).
Combining all this gives us an expression for the radio flux received from the

system. The magnetic power dissipated by the wind onto the magnetosphere of
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the planet is given by:
B2
Pp = T;AUJ‘FRz (2.14)

m?

where B is the magnitude of the magnetic field of the stellar wind perpendicular
to the vector Awu. In our model, we compute this as:

B, = \/32 - (BA$U>2' (2.15)

The flux density received by an observer at a distance d = 19.8 pc is then given
by:

nePp
d*wfc
Here, 7 is the efficiency ratio for the magnetic power dissipated onto the planetary
magnetosphere, which we take as the solar system value of 2 x 1073 (Zarkal, 2007).
This constant arises from the radiometric Bode’s law. Numerical studies have
found that the radiometric Bode’s law is appropriate for estimating radio emission
from hot Jupiters (Varela et all 2018)), while some have suggested that it may
overestimate the flux densities for close-in planets (Nichols & Milanl 2016). If this
is indeed the case, the values we obtain here should be treated as upper limits. As
we demonstrate in Section[2.5] there are several scenarios where in fact propagation
of planetary radio emission may not be possible.

In the above equations we use the velocity, density, pressure, and magnetic field
of the stellar wind at the planetary orbit, obtained from our wind models presented
in Section In our calculations, we assume planetary magnetic field strengths
of B, = 1, 5, and 10 G, which covers the range of values predicted for extrasolar
gas glants (Zaghoo & Collins| 2018). Table shows the calculated cyclotron
frequency, magnetopause size, and co-latitude of the polar cap of HD189733b, as a
function of planetary magnetic field strength. We find that these three quantities
vary by small amounts throughout the orbit and between the three epochs for a
given field strength. The flux densities of the radio emission however varies by
around two orders of magnitude throughout the orbit. The variations of the fluxes
calculated for B, = 10 G throughout the orbit of the planet, and the peak fluxes
at each epoch for different planetary field strengths, are shown in Figure 2:4] In
the top panel of Figure we see that the flux density goes to zero at points
in the orbit where B, = 0 in the stellar wind (see Equation . We also see
a general trend towards lower peak fluxes from Jun/Jul 2013 to Jul 2015 in the
bottom panel of Figure [2:4] This correlates to the trend in the average magnetic
field strength of the wind at the planetary orbit shown in Table 2:3]

Comparing to recent work, |Zaghoo & Collins| (2018) estimated a flux of ~
20 mJy at a peak cyclotron frequency of 20 MHz for HD189733b. Our peak flux
densities are ~ 5 times larger than theirs, which is likely due to their assumption
for the stellar wind power, which they extrapolated from the solar wind. As we
have shown in Section [2.3.2] the wind strength of HD189733 is much stronger than
the solar wind. As a result, we expect that HD189733b receives a higher magnetic
energy from the wind of its host star, and thus higher fluxes will be emitted.

‘pradio = (216)
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Table 2.4: Emitted cyclotron frequency, magnetopause size, and co-latitude of the polar
cap of HD189733b, calculated for different planetary magnetic field strengths. These
values only vary by small amounts through the orbit and between each epoch.

Bp fc R (e7s)
@ ) (R ()
1 2 1.6 53
5 12 2.7 38

10 25 3.3 33

Our findings tell us that while the flux density of the planetary emission is
sensitive to inhomogeneities in the stellar wind, the frequency of the emission is
not. The combination of these two results could allow for planetary radio emission
to be easily distinguished from other sources of radio emission in the system, such
as the stellar wind. The fluxes and frequencies calculated for HD189733b also place
it within the detection limit of LOFAR. We discuss this further in Section 2.6l

2.5 Propagation of the planetary radio emission

While we have made predictions about the planetary radio emission for different
assumed magnetic field strengths, the question remains: can the emission propa-
gate out of the planetary system? We discuss different scenarios where propagation
may not be possible below.

2.5.1 Free-free absorption in the stellar wind

One scenario where the planetary radio emission may not propagate from the
system is if the planet orbits inside the radio photosphere of the star. From the
model utilised in Section we calculate the boundary of the photospheres of
the stellar wind for the calculated cyclotron frequencies of 2, 12, and 25 MHz,
which we chose as they correspond to planetary field strengths of 1, 5, and 10 G
(see Table . The radio photosphere is defined as the point where the optical
depth 7 = 0.399 (Panagia & Felli [1975]).

Figure [2.5] shows a 3D view of the radio photosphere of the wind of HD189733
at 25 MHz for Jun/Jul 2013, as viewed by an observer at © = —oo. The radio
photosphere is paraboloidal in shape. Inside the region enclosed by the surface
shown, emission at 25 MHz will be absorbed by the stellar wind. We see that
part of the planetary orbit is embedded in this region. In Figure[2.6] we show the
boundaries of these regions for the three epochs at 2, 12, and 25 MHz in the orbital
plane of the planet. The thickness of these boundaries at each frequency arises
from the different positions of the radio photosphere for the three epochs. From
the boundaries, we find that the planetary radio emission can propagate for 41%
of the orbit at 12 MHz, and 67% at 25 MHz. The planet’s orbit is fully embedded
in the region of the wind that is optically thick at 2 MHz. This frequency is below
the ionospheric cutoff of the Earth’s atmosphere. As the radio flux densities of the
planet are several orders of magnitude higher than those of the stellar wind (see
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Figure 2.4: Top: Variations of the planetary radio flux throughout the orbit of
HD189733b for the three epochs, for a field strength of B, = 10 G. The dotted seg-
ment of each line represents the region of the orbit where the planetary radio emission at
25 MHz, corresponding to a planetary field strength of 10 G, cannot propagate through
the stellar wind (see Section . Bottom: Peak radio flux densities calculated for
HD189733b, for planetary field strengths of 1, 5, and 10 G at each epoch.
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Figure 2.5: Radio photosphere of the stellar wind of HD189733 at 25 MHz for
Jun/Jul 2013, as viewed by an observer at = —oo. The region enclosed by the surface
is where planetary radio emission at 25 MHz cannot propagate without being absorbed.
The red line illustrates the line connecting the planet to the star seen by the observer.
Note that the size of the photosphere, star, planet and its orbit are to scale here. The
radio photosphere extends back to x = 10 R,.

Figure, it could be that even after the planetary emission is attenuated inside
the radio photosphere of the stellar wind, a fraction of the planetary emission may
still escape.

The fraction of the orbit where the emission can propagate unattenuated to
an observer at Earth corresponds to when the planet is approaching and leaving
primary transit. This may be a useful signature to search for in other exoplanetary
radio surveys. Indeed, [Smith et al.| (2009) reported a non-detection of HD189733b
during secondary transit, the region where we expect the wind to be optically
thick for frequencies below 10 GHz. We note however that the frequency range
of their observations correspond to planetary field strengths of ~ 100 G, which is
likely to be too strong for a hot Jupiter planet such as HD189733b (see
. It is clear however that detection of planetary radio emission
is more favourable for higher frequencies, which correspond to strong planetary
magnetic field strengths. We caution that the size of the radio photosphere at a
specific frequency scales with the density of the stellar wind, which is a free variable
in our model. The effects of varying the density on the size of these regions are
discussed in the Appendix.
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Figure 2.6: Radio photospheres of the stellar wind at the calculated frequencies of 2,
12, and 25 MHz, in the orbital plane of the planet. The planetary orbit is shown as a
black dashed circle, and the star is shown in the centre. Orbital phases of 0 and 0.25 are
marked near the star. In our calculation, the observer is looking along the z-axis in the

positive direction.
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2.5.2 Plasma frequency of the stellar wind

Another process by which the planetary emission may not be able to escape the
system is if the cyclotron frequency is less than the plasma frequency of the stellar
wind at the planetary orbit. The plasma frequency is defined as:

Te
m—3

fo=9x1073 MHz. (2.17)

where n, is the number density of free electrons. We take this to be equal to the
number density of protons in our wind, as it is fully ionised.

Neglecting the presence of the planetary atmosphere, the radio emission can
propagate out from the polar emission region. However, if the emitted frequency
is below the plasma frequency of the stellar wind it meets, the planetary radio
emission will be reflected back and hence will not propagate out of the planetary
system. This is the same process which prevents sources of radio emission below
10 MHz from penetrating the Earth’s ionosphere. Figure [2.7] shows the plasma
frequency of the stellar wind at the planetary orbit for the three modelled epochs.
We find that only cyclotron frequencies above ~ 21 MHz will be able to propagate
through the stellar wind for the entirety of the orbit at the three modelled epochs.
This requires a minimum planetary field strength of ~ 8 G, based on the values
listed in Table 24l

We note that the plasma frequency of the stellar wind will also scale with the
wind density. For a wind that is 10 times less dense, the plasma frequency of the
wind is reduced by a factor of v/10, thus lowering the minimum planetary field
strength required for the planetary emission to propagate to ~ 3 G.

2.5.3 Generation of cyclotron emission in an extended
atmosphere

Another potential issue for the detection of planetary radio emission is the plane-
tary atmosphere itself. Recently, Weber et al|(2018) suggested that while close-in
hot Jupiters are exposed to more energetic winds that could boost their radio
emission, they also receive much higher XUV fluxes from their host stars. As a
result, their atmospheres extend far out from the planet and have a higher free
electron density. From Equation this means that the plasma frequency of
the atmosphere becomes very large. Therefore, a planetary field strength of hun-
dreds of G would be required for the generated cyclotron frequency to be above the
plasma frequency of the atmosphere. They suggest however that supermassive hot
Jupiters may be more suitable targets for detection of planetary radio emission.
As their atmospheres would be more tightly bound, the free electron density drops
off more sharply with distance from the planet, and thus the radio emission can
be generated above the plasma frequency of the atmosphere.

In our planetary radio emission model, we do not account for the presence of
a planetary atmosphere, and so we were unable to test the predictions of [Weber
et al.| (2018]). Recently however, |[Daley-Yates & Stevens| (2018]) modelled the MHD
equations of both the stellar and planetary winds of a solar-type star host to a
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Figure 2.7: Variations of the plasma frequency of the stellar wind at the planetary orbit
for each modelled epoch. The minimum cyclotron frequency of ~ 21 MHz required for the
planetary emission to propagate through the stellar wind is marked with a grey dashed
line. The dotted line segments illustrate where the planetary radio emission is absorbed
by the stellar wind at 25 MHz (see Section .

hot Jupiter-type planet. They found that the generated cyclotron frequency in
the planetary magnetosphere was at least a factor of 10 lower than the plasma
frequency throughout the planetary atmosphere. As it is expected that the atmo-
sphere of HD189733b is extended (Lecavelier des Etangs et all 2012 Bourrier &
[Lecavelier des Etangs), [2013), it could prevent the generation of cyclotron emission
in the case of HD189733b.

2.6 Detection potential with current and future
radio telescopes

From our calculations of the radio emission from the planetary magnetosphere and
the wind of the host star, it is clear that their radio signatures are very different.
For the planet, it emits at a constant single frequency for a given planetary field
strength, with the flux of its emission varying from ~ 1 to 10 mJy as it progresses
through its orbit. The stellar wind on the other hand emits at much lower fluxes
across a range of frequencies. In the region of 10 MHz to 100 GHz, the wind fluxes
range from ~ 1073 to 5 uJy. Therefore, the peak flux from the wind emission is
four orders of magnitude smaller than the peak flux of the planet. As a result, it
should be straightforward to distinguish between the planetary and wind emission.

Figure shows a comparison between the predicted fluxes from the planet
and wind of the host star, along with the sensitivities of LOFAR and SKA2.
We see that for a planetary field strength of 5 G, the corresponding cyclotron
frequency of 12 MHz is below the lower frequency limit of LOFAR quoted by



42 2.7 Summary & Conclusions

(=]

—_
S

T T T T UL | T T T L e

_
o
N
|

|
N

5G 10G

—_
(=)

Flux (Jy)

Stellar wind

-10 ‘ Ll ‘ | Ll
10 MHz 100 MHz 1 GHz 10 GHz 100 GHz

Frequency

10

Figure 2.8: Comparison of the predicted radio flux densities and frequencies of
HD189733b, for assumed planetary field strengths of 5 and 10 G, and the stellar wind of
its host star. The peak planetary flux density shown is the max over the three epochs
for a given field strength, with a lower limit set of 1 mJy. The stellar wind spectrum is
the same as shown in Figure [2.3] The sensitivities of LOFAR and SKA2 for a 1 hour
integration time are also shown, adapted from |Grieffmeier et al.| (2011) and |Pope et al.
(2019) respectively.

Grielsmeier et al.| (2011)). However, we determined in Section [2.5| that propagation
of emission below 21 MHz is unlikely. For the stellar wind, we see that SKA2
is likely to have sufficient sensitivity to determine at which frequency it becomes
optically thin. If so, this would allow for the base density of the stellar wind ng to
be constrained, and consequently the mass-loss rate of the star (see Appendix).
We note that there are likely additional sources of radio emission in planetary
system, such as thermal emission from the stellar chromosphere (Villadsen et al.,
2014; |[Fichtinger et al., |2017)). However, we do not investigate this in this work.

2.7 Summary & Conclusions

In this work we have characterised the radio environment of the hot Jupiter
HD189733b. For its host star HD189733, we performed 3D MHD simulations
of its wind, implementing surface magnetic field maps at the epochs Jun/Jul 2013,
Sep 2014, and Jul 2015, which were reconstructed from observations. We used our
models to calculate the wind variability of HD189733, and determined that the
mass-loss rate, angular momentum-loss rate, and open magnetic flux vary by 9%,
40%, and 19% over this period respectively. We also found from our wind models
that the planet experiences a non-uniform wind as it progresses through its orbit,
with the wind velocity and particle number density varying by 29-37% and 25-32%
respectively over the three modelled epochs. Temporal variations were observed in
the extended atmosphere of HD189733b (Lecavelier des Etangs et al., [2012]), which
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could arise from interactions with a variable stellar wind (Bourrier & Lecavelier
des Etangs| [2013]). Our derivation of the stellar wind properties at the planetary
orbit for different epochs will thus be useful to the interpretation of our MOVES
observations of the upper planetary atmosphere.

Using the numerical code developed by |O Fionnagain et al.| (2019al)), we cal-
culated the free-free radio spectrum of the wind of HD189733. We found that it
emits at low fluxes of 1072 to 5 pJy in the frequency range of 10 MHz to 100 GHz.
While it is unlikely that this could be detected with current radio telescopes, future
endeavours such as SKA are likely to have the sensitivity required to characterise
the radio emission from the winds of stars such as HD189733. If detectable, the
mass-loss rate of star could be constrained.

Our wind models provided us with the local wind properties at the planetary
orbit, which in turn we used to calculate the planetary radio emission. For assumed
planetary field strengths of 1, 5, and 10 G respectively, we found that the planet
emits at frequencies of 2, 12, and 25 MHz, with little variation in these values over
the modelled period and the orbit of the planet. The emitted flux density however
varies from 1 to 102 mJy in our calculations. Therefore, a frequency corresponding
to a field strength 2 10 G places HD189733b within the detection limit of LOFAR.

We investigated if our predicted planetary radio emission could propagate, and
found that HD189733b orbits in and out of regions where the planetary emission
will be absorbed by the stellar wind. For the calculated cyclotron frequencies of
12 and 25 MHz, we found that propagation can only occur for 41% and 67% of
the orbit respectively. The fraction of the orbit where propagation is possible
corresponds to when the planet is approaching and leaving primary transit of the
host star. This could be useful information in planning radio observing campaigns
of exoplanetary systems. However, as the radio flux densities of the planet are
several orders of magnitude higher than those of the stellar wind, some of the
planetary emission may still escape even after being attenuated in the stellar wind.
We also determined that the plasma frequency of the stellar wind at the planetary
orbit is too high for propagation to occur below 21 MHz at the three modelled
epochs. In addition to this, the planetary atmosphere itself may prevent the
generation of radio emission, as has been recently suggested by [Weber et al.| (2018]).

To conclude, our work has shown that the most favourable candidates for
detection of planetary radio emission are hot Jupiters with large magnetic field
strengths, orbiting inactive stars with low density winds.
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Appendix: Radio emission and absorption for a
lower density stellar wind

The free-free radio emission spectrum of the stellar wind depends on the density.
The density profile is primarily determined by the coronal base density in our wind
simulations ng, which is a free variable. To see the effect of a lower density wind
on the free-free radio spectrum of HD189733, we divide our density values from
the wind simulations by a factor of 10.

Figure [2.9] shows the comparison of the spectrum shown in Figure 2.3] and
the spectrum calculated for the lower base density wind. We find that the lower
density wind becomes optically thin at 1 GHz, as opposed to 10 GHz for the
higher density wind. We also see that for the lower density wind, the radio flux
densities are 1-2 orders of magnitude smaller that those for the ng = 10'° cm =3
wind. So, detection of free-free emission from the stellar wind of HD189733 is
more favourable if it has a denser wind. However, the fluxes calculated for the
higher density wind are still quite small. While it is unlikely that this could be
detected with current radio telescopes, it is expected that future developments
such as SKA will allow for radio emission from the winds of nearby low mass stars
to be detected (see |O Fionnagain et all 2019a). By determining the frequency
at which the wind becomes optically thin, the mass-loss rate of the star could be
constrained.

We also show the planetary flux densities for 5 and 10 G in Figure which
have been scaled for the lower density stellar wind. Assuming the planet remains
orbiting in the ram-pressure dominated regime for the lower density wind, the
planetary radio flux scales with ng~/? (Vidotto & Donati, [2017). The frequency
of the planetary emission has a very small dependence on the stellar wind densit,
as the magnetopause size R, scales with ng~1/¢ in this regime (see Equations ﬁ
to .

The sizes of the radio photospheres of the wind will also depend on the wind
density. Figure [2.10]shows the boundaries of these regions at the three calculated
cyclotron frequencies in the orbital plane of the planet for the lower density wind.
We see that for a lower density, the regions the planet orbits through where wind
is optically thick to the cyclotron frequencies are smaller compared to those shown
in Figure at a given frequency. Therefore, contrary to the wind radio emission,
detection of planetary radio emission is more favourable for planets orbiting stars
with low density winds.
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Figure 2.9: Comparison of the free-free radio spectrum of the stellar wind of HD189733
from Figure (no), with a stellar wind that has a density which is a factor of 10 lower
(n0/10). The planetary flux densities for assumed field strengths of 5 and 10 G are also
shown in the upper left corner. The peak values of the planetary fluxes have been scaled
for the lower density stellar wind from those shown in Figure
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Figure 2.10: Radio photospheres of the stellar wind of HD189733, for a stellar wind that
is a factor of 10 lower in density. The sizes of the radio photospheres of the lower density
wind at a given frequency are smaller compared to those shown in Figure @



3 Radio eclipses of exoplanets by the winds of their host stars 47

3 | Radio eclipses of exoplanets by
the winds of their host stars

3.1 Abstract

The search for exoplanetary radio emission has resulted in zero conclusive detec-
tions to date. Various explanations for this have been proposed, from the observed
frequency range, telescope sensitivity, to beaming of the emission. In a recent pa-
per, we illustrated that exoplanets can orbit through the radio photosphere of the
wind of the host star, a region that is optically thick at a specific frequency, for
a large fraction of their orbits. As a result, radio emission originating from the
planet could be absorbed or ‘eclipsed’ by the wind of the host star. Here we in-
vestigate how the properties of the stellar wind and orbital parameters affect the
fraction of the orbit where the planet is eclipsed by the stellar wind. We show that
planets orbiting stars with low density winds are more favourable for detection in
the radio. In terms of the orbital parameters, emission from transiting planets can
escape the stellar wind easiest. We apply our model to the 7 Boo planetary sys-
tem, and show that observing the fraction of the planet’s orbit where it is eclipsed
by the wind of the host star could be used to constrain the properties of the stellar
wind. However, our model developed would need to be used in conjunction with a
separate method to disentangle the mass-loss rate and temperature of the stellar
wind.

3.2 Introduction

Over the last few decades, the search for exoplanetary radio emission has been
motivated by the desire for a new method of directly detecting exoplanets. In
addition to this, if the mechanism driving the planetary radio emission is due to
interactions with the planet’s intrinsic magnetic field, detection of exoplanetary
radio emission would allow us to assess the strength of the planet’s magnetic field
(Zarka et al. [2001)). This has consequences on the size of the planet’s magneto-
sphere, which in turn can effect the lifetime of the planet’s atmosphere. Whether
this has a positive or negative effect is still in debate (Blackman & Tarduno, 2018;
Carolan et al.l 2019; [Egan et al. 2019).

Despite many attempts, there have been no conclusive detections of exoplane-
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tary radio emission to date (e.g.|Lazio et al.,|2010bj |Sirothia et al.,|2014};|0’Gorman|
. Some possible explanations for this include the frequency range of
the observations, the telescope sensitivity, the atmosphere of the planet
let al.l [2018; Daley-Yates & Stevens, [2018), and the emission not being beamed in
the direction of the observer (Smith et al., 2009). Another possible explanation
for this was made by Kavanagh et al.| (2019), who illustrated that exoplanets can
orbit through the radio photosphere of the winds of their host stars, a region where
a large fraction of radio emission can be absorbed through free-free processes. As
the radio photosphere is not spherically symmetric, when the planet orbits further
into the wind of the host star more of its emission can be absorbed.

There have been hints of a decrease in the flux density at radio frequencies from
transiting exoplanets near secondary transit. Smith et al.| (2009) observed this in
the case of hot Jupiter HD189733b. Similarly, observations of HAT-P-11b system
by [Lecavelier des Etangs et al| (2013) suggested a dip in the flux density near
secondary transit. However, these results are inconclusive, and require follow-up
observations with more sensitive instrumentation (Smith et al., |2009; [Lecavelier|
des Etangs et all [2013} |Sirothia et al.l [2014). If confirmed, these dips in flux
density near secondary transit could be due to the stellar wind of the host star
absorbing the emission from the planet, as suggested by Kavanagh et al.| (2019).

A similar illustration of this phenomenon is the case of Black Widow pulsar
systems 2011). These systems consist of a millisecond pulsar that is host
to a low-mass companion with a mass of ~ 0.01 M. As the companion nears
primary transit of the pulsar host, radio emission originating from the pulsar is
observed to disappear (see [Polzin et alJ 2019). This is believed to be due to the
wind of the low-mass companion star eclipsing the pulsar. For example,
observed eclipses of radio emission at 1.4 GHz from the Black Widow
pulsar PSR J2055+3829. Due to the time variations of the eclipse, this has been
attributed to the clumpy outflow of the companion star.

Radio eclipses have been observed in higher mass binaries as well. For exam-
ple, Dougherty et al.| (2005) observed a similar phenomenon in the massiv binary
system WR140. From VLBA observations at 8.4 GHz they resolved that radio
emission generated from the collision of the winds of the two star in the system
disappears as the O-type star approaches periastron of the Wolf-Rayet star. This
has been interpreted as the emission region entering the optically thick region of
the wind of the Wolf-Rayet star.

In this paper, we present a model that predicts that radio emission from the
planet becomes eclipsed by the wind of the host star as the planet progresses
through its orbit. We illustrate how the properties of the wind of the host star
and the planetary orbit affect the duration of the radio eclipse, and then apply our
model to the 7 Boo planetary system. We show how the model presented could
be used to constrain properties such as the mass-loss rate and temperature of the
stellar wind of the host star.
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3.3 Radio eclipse of the planet by the stellar wind

To model the wind of the host star, we consider only forces due to the gravity of
the star and the thermal pressure gradient of the wind (Parker} [1958]):
d pGM, d

pUEU = 7"2 — %p

(3.1)

Here, p is the mass density, u is the velocity, r is the distance, G is the gravitational
constant, M, is the mass of the star, and p is the thermal pressure. Assuming
that the stellar wind is isothermal and mass is conserved, Equation [3.I] can be
re-arranged into the following form:

R S N

where a is the isothermal sound speed:

[ ksT
a= 2=, (3.3)
Hmyp

Here, kp is Boltzmann’s constant, T' is the wind temperature, and pmy is the
mean mass per particle in the stellar wind, with m, being the proton mass. For a
fully ionised hydrogen wind, we take p = 1/2.

We solve Equation [3:2] enforcing a solution that passes through the critical
point, where the numerator and denominator on the right-hand side go to zero
simultaneously. This is to ensure a wind solution is obtained which monotonically
increases in velocity outward (Parker, [1958). Such a critical point occurs at the
sonic distance

GM,

202’
where the velocity of the wind at the critical point is u = a. Note that a physical
solution is one where r. is greater than the stellar radius. With that, we obtain
the wind velocity profile for a given stellar mass M, and wind temperature T'. The
mass-loss rate of the stellar wind is

Te =

(3.4)

M = 4nr?pu. (3.5)

So, for a given stellar mass, wind temperature and mass-loss rate, we obtain a
mass number density profile of the stellar wind:

M

= — 3.6
" drrZumpu (36)

One of the benefits of using a 1D isothermal stellar wind model is that it is much
less time consuming than performing a 3D magnetohydrodynamic stellar wind
simulation, such as those computed by [Kavanagh et al.| (2019). A limitation of
isothermal stellar wind models is that they neglect the presence of a magnetic
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field, which is important for determining the angular momentum-loss rates and
therefore the rotational evolution of low-mass stars (Weber & Davis, 1967} |Réville
et al., [2015; |Johnstone et al., [2015; O Fionnagain et al., [2019a). However, as we
do not consider an evolving stellar wind here, we assume that an isothermal stellar
wind model is sufficient for our purposes in this paper.

As the planet progresses further into its orbit, the amount of stellar wind
material between the planet and observer increases. Since the wind of the host
star can absorb low-frequency radio emission through free free processes (Panagia
& Felli [1975), a larger fraction of radio emission from the planet will be absorbed
as it approaches an orbital phase of ¢ = 0.5. We refer to a region of the stellar wind
at a specific frequency as the ‘radio photosphere’, wherein only a certain fraction
(i.e. 50%) of radio emission can escape through the wind. This is illustrated in the
top panel of Figure Note that there is one further complication: if the plasma
frequency of the stellar wind at the planet’s orbit

vy =9 x 107%/n, MHz (3.7)

is greater than the emitted frequency from the planet v, no emission will generate.
Here, n. is the electron number density of the local stellar wind in cm™3.

We do not model the emission mechanism of the planet here, but rather how
such an emission, if existed, would be absorbed by the wind of the host star.
We also assume that the emission from the planet is always beamed towards the
observer. To determine how much planetary emission is absorbed by the stellar
wind, we compute the optical depth at frequency v at the planet’s position z,

along the line of sight in the stellar wind (see Figure :
Tp
T, = / o, dz. (3.8)
—0o0

Here, «, is the free-free absorption coefficient (Cox, 2000):
a, = 3.692 x 108(1 - e—h”/’fBT) Z2gT~ V29 3 m;, (3.9)

where h is Planck’s constant, Z is the ionisation state (41 for ionised hydrogen),
and g is the Gaunt factor (Cox| [2000)):

g =10.6 + 1.91og,((T) — 1.26log,((Zv). (3.10)

In Equation [3.9} n. and n; are the electron and ion number densities respectively.
Since we treat the wind as being composed of fully ionised hydrogen, the total
number density is n = ne + n; = 2ne (ne = n;). The ion number density is the
proton number density in this case.

The observer receives a specific intensity I, at frequency v from the planet that
has been attenuated by the stellar wind (Rybicki & Lightman, |1986):

I, =1,0e ™, (3.11)
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where I, ¢ is the emitted specific intensity by the planet. This is illustrated in the
bottom panel of Figure The flux density received by the observer is then:

1
F, = /L,dQ = E/L,dA, (3.12)

where df? is the element of solid angle of the emitting region, d is the distance to
the system, and dA is the area element of the emitting region. Assuming that the
specific intensity I, is constant through dA, then from Equations and [3.12}

F,xe ™. (3.13)

So, if F}, o is the flux density one would observe in the absence of a stellar wind,
the observed flux density from the planet is:

F,=F,pe ™. (3.14)

The term e~ therefore gives the fraction of the flux density that is transmitted
from the planet to the observer. When computing the optical depth at each point
in the planet’s orbit with Equation [3.8] we extend the stellar wind out from the
planet to a distance of 0.5 au in the direction of the observer (—z direction). This
distance is sufficient for the optical depth at the planet’s position to converge.

Figure [3:2] illustrates how emission from a transiting planet orbiting its host
star disappears as it approaches secondary transit. In this example, the planet
orbits a star with a mass of 1 M) and radius of 1 R at 0.02 au. The wind of the
host star has a mass-loss rate of 100 M@, where M@ is the solar wind mass-loss
rate (2 x 10714 M) yr~!), and a temperature of 2 MK. The left panel shows the
combined thermal spectrum of the wind of the star with that of a planet at different
orbital phases. We assume that the planet emits an unattenuated flux density of
F, o =100 pJy in the region of 20-40 MHz. The value of F), o chosen here is purely
for illustrative purposes. The thermal spectrum of the stellar wind is computed
as per the method laid out in |O Fionnagéin et al. (2019a) and [Kavanagh et al.
(2019). We compute the spectrum placing the system at 1 pc from the observer.

The right panel of Figure [3.2] shows the number density profile of the stel-
lar wind which the planet orbits through. The orbital phases we compute the
spectrum of the planet for in the left panel are marked along the orbit. As the
planet progresses through its orbit towards secondary transit (¢ 2 0.36), the flux
received from the planet begins to disappear. Past a certain point the wind of the
host star eclipses the planet. Towards higher frequencies however, this effect is
less pronounced. This was shown by [Kavanagh et al.| (2019), in that the planet is
easier to detect both near primary transit of the host star and at higher emitted
frequencies.

3.4 Stellar wind effects on radio eclipses

Here, we investigate how the properties of the stellar wind itself affect how much
planetary emission escapes through the wind. Figure |3.3| shows how varying the
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Figure 3.1: Top: Sketch illustrating a planet that orbits in a circle through the wind of
its host star, inclined at an angle ¢ from the plane of the sky. Orbital phases of ¢ = 0
and ¢ = 0.5, corresponding to when the planet is nearest and furthest from the observer
respectively, are marked along the orbit. The radio photosphere of the stellar wind is
also shown, which the planet orbits through for a fraction of its orbit. Bottom: The
line of sight radio emission originating from the planet takes through the stellar wind
towards the observer. The planet emits a specific intensity of I, 0, and the observer sees
an attenuated specific intensity of I, = I, 0e” ™.
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Figure 3.2: Left: The combined spectrum of free-free emission from the stellar wind
and emission from the planet at different orbital phases. The system is placed at 1 pc
for this illustration, with the planet emitting an arbitrary unattenuated flux density of
100 pJy. Right: Number density profile of the stellar wind, and the positions of the
planet corresponding to the spectra shown in the left panel. The dashed line shows the
radio photosphere where 50% of emission is absorbed at 30 MHz by the stellar wind. The
observer looks towards the system from = = —1 pc along the z-direction.

mass-loss rate of the wind of the host star affects the percentage of escaping emis-
sion at 30 MHz as the planet progresses through its orbit. As the planet approaches
secondary transit of the star (orbital phase of 0.5), the planetary emission becomes
eclipsed by the stellar wind. This effect is more pronounced for higher stellar wind
mass-loss rates, which in turn are denser for a fixed temperature. Note that at
30 MHz, a low mass-loss rate stellar wind does not attenuate the planetary emis-
sion at primary transit (¢ = 0). However at higher mass-loss rates, even when the
planet transits part of its emission is attenuated and the flux density would not
be observed at this frequency.

In Figure [3.4) we show varying how the temperature of the stellar wind, for a
fixed mass-loss rate, affects the amount of escaping emission from the planet. We
see that detection of exoplanetary radio emission is favoured for high temperature
winds, with the eclipse occurring for a smaller fraction of the planet’s orbit. As the
wind is accelerated much faster in at higher temperatures, the density of the wind
drops off much faster (following from Equation . As a result, hotter winds tend
to be less dense. However, the mass-loss rates of low-mass stars are expected to
increase with surface X-ray flux (see 7 which in turn is correlated with
a hot corona (Johnstone & Giidel, 2015). So while the most favourable detection
scenario would be a planet that orbits a star with a hot wind with a low mass-
loss rate, it is more likely that if the wind is very hot, the mass-loss rate is high.
In general, planets orbiting stars with low density winds are more favourable for
detection.
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Figure 3.3: The percentage of planetary emission at 30 MHz (e~ x 100%) that escapes
through the stellar wind as a function of orbital phase for different stellar wind mass-
loss rates. The stellar, wind, and orbital parameters are listed in the bottom left corner.
When ~ 0% of the emission escapes, the planet is considered to be in ‘radio eclipse’. Note
that the fraction of the orbit during radio eclipse is larger for winds of higher mass-loss
rates.
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Figure 3.4: Same as Figure but for different stellar wind temperatures.

3.5 Orbital effects on radio eclipses

The amount of planetary emission that escapes the wind of the host star also
depends on the path it takes as the planet progresses through its orbit. Here, we
investigate how the geometry of the orbit affects the duration of the radio eclipses.
In Figure [3.5] we show the effects of varying the orbital inclination of the planet.
We find that a transiting planet is the most easily detectable, specifically near
primary transit (¢ = 0). However, in this configuration the planetary emission
also is the most attenuated, near secondary transit (¢ = 0.5), with the largest
amplitude of the eclipse modulation.

The transmitted flux density on the other hand for a planet in a plane of sky
orbital configuration is constant, assuming the unattenuated flux density F, ¢ is
constant. As a result, a planet orbiting in the plane of the sky will either always
be detectable or never be detectable, depending on the instrument sensitivity and
the amount of flux that escapes the stellar wind. Detection is also in theory always
possible for planets orbiting at inclinations 0 < i < cos™!(a/R,), as the planet
does not pass behind the stellar disk.

Figure [3.6]show the effects of varying the orbital distance of a transiting planet
on the amount of escaping emission. We see that the closer in to the star the planet
orbits, the lower the amount of emission escapes as the density of the stellar wind
is much larger close in. In addition to this, if the stellar wind plasma frequency
is too high the emission will not generate. This is the case for a planet orbiting
at 0.01 au for the parameters presented in Figure[3.6] So, planets orbiting further
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Figure 3.5: Same as Figure but for different orbital inclinations. Transiting planets
have the most favourable conditions for detection, but also have the largest modulation
of their emitted flux density.

out are more easily detectable. However, if the stellar wind power dissipated onto

the planetary magnetosphere powers the planetary radio emission, planets further
out are likely to emit much lower flux densities than those closer in (Zarka et al.

2001).

3.6 Constraining the stellar wind properties of the
hot Jupiter host 7 Boo

We now focus on the 7 Boo planetary system, which lies 15.6 pc away from Earth.
The star is host to the supermassive hot Jupiter 7 Boo b which orbits at just
0.046 au, and as a result the planet is expected to be a source of strong radio
emission (see [Weber et all [2018). As the planet does not transit its host star
(i = 45°), in theory it could be detectable for the entirety of its orbit if it emits a
high enough flux density, following the results shown in Figure [3.5] The mass and
radius of the star are 1.30 M and 1.33 Rq) respectively. All parameters listed
above are taken from exoplanet.eu.

As illustrated in Figures[3.3]and [3.4] the amount of escaping emission from the
planet depends on the mass-loss rate and temperature of the wind of the host star,
both of which are unknowns in the case of 7 Boo. Another two unknown quantities
of the system are the emitted flux density and frequency from the planet (if it is
indeed a source of exoplanetary radio emission). [Turner et al.| (2019) showed that
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Figure 3.6: Same as Figure but for different orbital distances. At 0.01 au, the plasma
frequency of the stellar wind at the planet’s is greater than 30 MHz and as a result no
emission can generate. This is indicated by the dashed line.

emission from 7 Boo b would be detectable with LOFAR, if it emits a flux density
that is 10° times larger than that emitted by Jupiter. During active periods,
Jupiter has an observed flux density 107 Jy at a distance of 1 au
. Therefore, at a distance of 15.6 pc, we assume an unattenuated flux density
for 7 Boo b of F, o = 96.6 mJy.

If we also assume that the planet emits at a frequency of 30 MHz, we can de-
termine for what fraction of the planet’s orbit it would be detectable with LOFAR.
At 30 MHz LOFAR has a sensitivity of FLOFAR ~ 7 mJy for a 1 hour integration
time (see Figure 1 of |Griefsmeier et al.,[2011)). The planet is then detectable when
F, > FLOFAR or when e~7 > 0.0725 following Equation

Figure shows the combination of stellar wind mass-loss rate and tempera-
ture that results in detection of emission from 7 Boo b at 30 MHz with LOFAR
for 25%, 50%, and 75% of its orbit. As can be seen, if emission was detected from
the system at 30 MHz for, say, 50% of the planet’s orbit, there is a degeneracy
between the stellar wind mass-loss rate and temperature. So while observing radio
emission alone from the planet for a certain fraction of its orbit does not provide
enough information to derive the stellar wind properties, it could nevertheless be
used in conjunction with the radiometric Bode’s law to provide additional con-
straints (see Vidotto & Donati, [2017)). In Figure|3.7| we also show that the plasma
frequency of the stellar wind at the planet’s orbit and the maximum temperature
of the stellar wind can constrain the parameters of the stellar wind. We derive a
maximum coronal temperature (and therefore the wind) for 7 Boo of 3.7 MK from
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Johnstone & Giidel| (2015, using the maximum observed X-ray luminosity for the
host star of 8 x 10?8 erg s™! (Mittag et al., 2017).

The mass-loss rates of the winds of low-mass stars have proved to be very
difficult to measure, and has only been possible in a handful of cases. One such
method relies on observations of the absorption of Ly-« from the star due to the
build-up of neutral hydrogen at the astrosphere (Wood, |2004])). [Vidotto & Bour-
rier| (2017) also illustrated how stellar wind mass-loss rates could be derived based
on observations of Ly-a absorption due to the presence of an extended plane-
tary atmosphere. Both of these methods however require Hubble Space Telescope
observations, and therefore cannot be carried out for a large number of targets.
More recently, [Jardine & Collier Cameron| (2019) showed how the mass-loss rates
of low-mass stars could be derived based on the presence of prominences from
Ha observations. This method however is only possible for very fast rotators.
Mass-loss rates from low-mass stars could also be determined from observations of
thermal free-free radio emission from the stellar wind itself (Gtidel, [2002)), however
current radio telescopes are not sensitive enough to detect this emission (O Fion-
nagain et al., 2019al). Our method presented here could provide a new method
of constraining the mass-loss rates of low-mass stars from radio observations with
current telescopes (i.e., LOFAR), if combined with another method such as the
radiometric Bode’s law.

One of the main issues with the application of our model in this section is
that in order to determine when a planet would be detectable with a given radio
telescopes, we require knowledge of the unattenuated flux density emitted by the
planet. In addition to this, it is likely that the emitted flux density varies over the
orbit. This has been shown to be the case if the emission mechanism powering the
planetary radio emission is the interaction between the stellar wind and planetary
magnetosphere, as the wind of the host star is not uniform (see Figure 4 of [Ka-
vanagh et al., |2019; [Nicholson et al., |2016|). For instance, Jupiter is observed to
experience active periods where the flux density emitted increases (Zarka et al.,
2004)).

3.7 Conclusions

In this work, we have presented how the properties of the stellar wind and the
orbital characteristics of a planet affect the fraction of the planet’s orbit where its
radio emission is eclipsed by the wind of the host star. We have illustrated that
detection of planetary radio emission is favoured for host stars with low density
winds. The ideal case for this would be a star with a hot wind and low-mass loss
rate, however low-mass stars with hot winds generally have high mass-loss rates.
In terms of orbital parameters, emission can most easily escape the wind of
the host star for transiting planets, specifically in the region near primary transit.
However, in this orbital configuration, the emission is also most attenuated near
secondary transit. Therefore, transiting exoplanets offer the most extreme case in
which radiation escapes the most (¢ = 0) or is most attenuated (¢ = 0.5). Planets
with orbital inclinations in the range 0 < i < cos™!(a/R,) can in theory always be
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Figure 3.7: The combined stellar wind mass-loss rate and temperature that results in
detection of radio emission from 7 Boo b at 30 MHz with LOFAR, for 25%, 50%, and 75%
of its orbit. The shaded area illustrates where the plasma frequency of the stellar wind
at the planet’s orbit is too high for generation of radio emission at 30 MHz. The vertical
dotted line marks the maximum temperature of the stellar wind, which is constrained by
X-ray observations of the host star (see relevant text).
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detected, depending on the emitted flux density and density of the stellar wind,
as they do not pass behind the stellar disk. We also have illustrated that planets
orbiting closer to their host stars are less likely to be detected, as the stellar wind
is very dense close in. However, if the planet orbits far out from its host star, the
mechanism powering the radio emission of the planet may be too weak (see |Zarka
et al., [2001)).

We applied our model to the 7 Boo planetary system, and illustrated that if
radio emission is detected from the planet for a certain percentage of the orbit
with LOFAR, we can constrain the wind properties of the host star. Observations
such as this are not sufficient to disentangle the mass-loss rate and temperature of
the wind. In combination with another method however such as the radiometric
Bode’s law could help to further constrain the stellar wind properties. The plasma
frequency of the stellar wind as well as X-ray observations of the host star could
also aid constraining the wind properties.
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4 | Planet-induced radio emission
from the coronae of M dwarfs

4.1 Abstract

There have recently been detections of radio emission from low-mass stars, some
of which are indicative of star-planet interactions. Motivated by these exciting
new results, in this paper we present Alfvén wave-driven stellar wind models of
the two active planet-hosting M dwarfs Prox Cen and AU Mic. Our models in-
corporate large-scale photospheric magnetic field maps reconstructed using the
Zeeman-Doppler Imaging method. We obtain a mass-loss rate of 0.25 M® for the
wind of Prox Cen. For the young dwarf AU Mic, we explore two cases: a low
and high mass-loss rate. Depending on the properties of the Alfvén waves which
heat the corona in our wind models, we obtain mass-loss rates of 27 and 590 M@
for AU Mic. We use our stellar wind models to assess the generation of electron
cyclotron maser instability emission in both systems, through a mechanism anal-
ogous to the sub-Alfvénic Jupiter-Io interaction. For Prox Cen we do not find any
feasible scenario where the planet can induce radio emission in the star’s corona,
as the planet orbits too far from the star in the super-Alfvénic regime. However,
in the case that AU Mic has a stellar wind mass-loss rate of 27 M@, 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. Detection of such radio emission would allow us to
place an upper limit on the mass-loss rate of the star.

4.2 Introduction

Many theoretical works have aimed to identify potential targets for the detection of
exoplanetary radio emission (Griefsmeier et al., [2007; [Vidotto et al., 2015 [Vidotto
& Donatil [2017; Kavanagh et al., 2019). A model that is commonly used to
estimate the generation of radio emission from exoplanets is the radiometric Bode’s
law, which extrapolates the observed relation between the radio power emitted
from the magnetised solar system objects and the incident solar wind power (Zarkal
2007). In this model, the interaction between the planet’s magnetosphere and
the magnetised stellar wind of its host star leads to reconnection in the planet’s
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magnetotail. This reconnection then accelerates electrons towards the planet’s
poles, creating emission through the electron cyclotron maser instability (ECMI).

In these works, hot Jupiters have often been selected as suitable candidates
for radio detection. As they are exposed to harsh stellar wind conditions due to
their proximity to their host stars (Vidotto et all [2015), they are expected to
produce much higher radio powers than those observed in the solar system
. This emission can only be generated if hot Jupiters are magnetised.
Given that the emission mechanism is ECMI, it occurs at the cyclotron frequency
v = 2.8 B MHz, where B is the magnetic field strength in gauss (G).
estimated that hot Jupiters could harbour magnetic fields with
strengths of 1 — 10 G. In this range, these field strengths would correspond to radio
emission from 2.8 — 28 MHz.

Despite hot Jupiters being seemingly favourable sources of detectable low fre-
quency radio emission, many radio surveys of these systems have found little ev-
idence of such emission (Smith et al) [2009; Lazio et all [2010a; [Lecavelier des|
Etangs et al., 2013; de Gasperin et all [2020; Narang et al. 2021). Numerous
explanations have been proposed for the lack of detections, such as a mismatch
between the emitted and observation frequency (Bastian et al., [2000)), the emis-
sion being beamed out of our line of sight (Smith et all [2009), and absorption
of the emission by the stellar wind of the host star (Vidotto & Donati, [2017}
wvanagh et al.| 2019; [Kavanagh & Vidotto, [2020)). Intriguingly, Turner et al.| (2021)
recently detected radio emission at ~ 30 MHz from the hot Jupiter host 7 Boo.
They suggest that this emission could be indicative of ECMI generated in the or-
biting planet’s magnetic field. Follow-up observations will be required however in
order to investigate this further.

An alternative unipolar model for the generation of radio emission via ECMI
in exoplanetary systems has also been proposed, analogous to the sub-Alfvénic
interaction between Jupiter and its moon Io (Neubauer} 1980; |Zarka) 1998; |Saur]|
let all [2004; Zarka), 2007} |Griefmeier et al [2007). In this model, the host star
and planet take the roles of Jupiter and lo 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; |Lanzal,
2012; Turnpenney et all [2018} [Strugarek et al. 2019} Vedantham et al., 2020). A
fraction of the wave energy produced in this interaction is expected to dissipate
and produce radio emission via ECMI in the corona of the host star
2018).

Due 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.|
. One such system is the quiescent M dwarf GJ 1151, which was recently
detected to be a source of 120 — 160 MHz emission by [Vedantham et al.| (2020)).
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 recently 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.
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(2021)) have ruled this out, placing a mass upper limit of 1.2 Earth 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.

M dwarfs typically exhibit strong magnetic fields, with maximum large-scale
strengths ranging from ~ 100 G — 1 kG (Donati et al., 2008b; Morin et al., |2010;
Shulyak et all [2019). If an M dwarf is host to a planet that orbits in the sub-
Alfvénic regime, the planet could induce radio emission from the star’s corona
via ECMI at frequencies up to 280 MHz — 2.8 GHz. Planet-induced emission
from M dwarfs therefore could be distinguished from emission predicted with the
radiometric Bode’s law, due to the different frequency ranges.

The M dwarf Proxima Centauri (Prox Cen) is our closest stellar neighbour,
which also hosts a planet that is expected to be Earth-sized (Anglada-Escudé
et al., 2016). Naturally, being so close to us we want to understand both the
habitability of the orbiting planet and the system’s potential for producing planet-
induced radio emission. An important step in answering this question is to assess
the stellar wind environment around the planet. Prox Cen is expected to have a
relatively weak stellar wind, with a mass-loss rate of M < 0.2 M@ (Wood et al.|
2001)), where M@ =2x1071 Mg yr~1 is the solar wind mass-loss rate. The star
also possesses a strong large-scale surface magnetic field of ~ 200 G (Klein et al.,
2021a). Its proximity to Earth along with its potentially habitable planet make it
an interesting system to search for planet-induced radio emission.

AU Microscopii (AU Mic) is a young M dwarf which also shows potential
for detecting 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.l [2020; Martioli et al., |2021)). We list the properties of the AU Mic
system along with those for Prox Cen in Table[f.1] While planets b and ¢ orbiting
AU Mic are not likely to be habitable, their proximity to the host star makes
them ideal candidates for inducing radio emission in the corona of the host star.
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 estimate
a mass-loss rate from 10 Mg, (Plavchan et al., 2009) up to 1000 M@ (Chiang
& Fung [2017)). Its large-scale surface magnetic field is also quite strong, with a
strength of ~ 500 G (Klein et al.l |2021b). The two close-in planets along with the
star’s strong magnetic field make it a very suitable candidate for planet-induced
radio emission.

In this paper, we use the magnetic field maps reconstructed by [Klein et al.
(2021a) and Klein et al.| (2021b) to model the stellar winds of the two M dwarfs
Prox Cen and AU Mic respectively. We use our 3D Alfvén wave-driven stellar wind
models to investigate if the orbiting planets can induce the generation of ECMI
emission in the coronae of their host stars. We then illustrate how the detection
of planet-induced radio emission can be used to constrain properties of the wind
of the host star.
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Table 4.1: Stellar and planetary parameters for the Prox Cen and AU Mic systems. The
superscript after each value denotes its reference, which are listed at the bottom of the
table.

Parameter Prox Cen AU Mic
Stellar mass (M) 0.12 Mg)' 0.50 M)?
Stellar radius (R.) 0.14 Ry 0.75 Re?
Stellar wind mass-loss rate (M) < 0.2 M®3 10 M®4, 1000 M®5
Average' surface stellar 200 G 500 G7
magnetic field strength
Spectral type M5.5V! M1V®
Stellar rotation period 83 days! 4.86 days?
Distance (d) 1.30 pc! 9.79 pc?

Planet b Planet b Planet ¢
Planetary mass (M) > 1.27 Mg'  1.00 Myep® 1.7 - 27.7 Mg®
Planetary radius (Rp) - 1.13 Rxep’ 0.91 Ryep®
Planetary orbital distance (a) 74.0 R,' 18.5 R,° 26.9 R,°
Planetary orbital period 11.2 days'  8.46 days® 18.9 days®

1: |Anglada-Escudé et al.|(2016); 2: |Plavchan et al.|[(2020); 3: Wood et al.| (2001));
4: |Plavchan et al.| (2009); 5: |Chiang & Fung| (2017); 6: Klein et al.| (2021a)); 7:
[Klein et al.|(2021b); 8: Martioli et al. (2020); 9: [Martioli et al.| (2021

4.3 Modelling the winds of M-dwarfs

To model the stellar winds of Prox Cen and AU Mic we use the Alfvén wave solar
model (AWSoM, [van der Holst et al. 2014) implemented in the 3D magnetohy-
drodynamic (MHD) code BATS-R-US (Powell et all [1999)), which is part of the
Space Weather Modelling Framework (Toth et al. 2012). In the AWSoM model,
Alfvén waves are injected at the base of the chromosphere where they propagate,
reflect, and dissipate. The dissipation of the Alfvén waves heats the corona, which
in turn drives the stellar wind outflow. The AWSoM model has been validated
against observations of the solar corona (van der Holst et all |2014; [Jin et al.|
, and has also been applied to study the stellar wind environments of other
systems (see |Garraffo et al.,2017; Boro Saikia et all 2020; [Alvarado-Gomez et al.|
2020; |O Fionnagain et al., [2021).

In our models, we set boundary conditions for the radial magnetic field, Alfvén
wave flux, plasma density and temperature at the base of the chromosphere. For
the magnetic field we use maximum-entropy maps reconstructed from spectropo-
larimetric observations for the two stars by [Klein et al.| (2021a)) and Klein et al.
(2021Db) via the Zeeman-Doppler Imaging method (Donati & Landstreet, 2009).
These are shown in Figure [f.I] The input for the Alfvén wave flux in our model
is given in units of flux per unit magnetic field strength Sy /B. We refer to this
as the ‘Alfvén wave flux-to-magnetic field ratio’, for which we adopt a variety of
values (see Section . We fix the density and temperature at the base of the
chromosphere as 2 x 10'° em™3 and 5 x 10* K respectively in our models, the same
as chosen by [Alvarado-Gomez et al| (2020). These values are also typically used
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Figure 4.1: Radial photospheric magnetic field of Prox Cen (left) and AU Mic (right),
reconstructed by Klein et al|(2021a) and Klein et al|(2021b)) respectively. We implement
these maps at the inner boundary of our stellar wind simulations for the two stars.

for the Sun (see |Sokolov et al., 2013).

The corona is heated through a turbulent energy cascade in our model, which
is produced by the reflection and dissipation of Alfvén waves in the local plasma
environment. The wave dissipation rate depends on the transverse correlation

length L, , which in turn is proportional to B~/ (Hollweg, 1986). In our model

the transverse correlation length is given in terms of the proportionality constant
L, v/B. We adopt the default value of L;vB = 1.5 x 10° cm v/G for this 1
lder Holst et al. [2014). We also include both collisional and collisionless heat
conduction, radiative cooling, and stochastic heating in our models, as described
in [van der Holst et al. (2014). We fix the adiabatic index to be 5/3.

Our computational grid is spherical and extends from the base of the chromo-
sphere to 100 times the stellar radius R,. The maximum resolution in our grid is
~5x 107 R,. We also adaptively-resolve current sheet regions in our grid. The
number of cells in our grid is ~ 6 million. We iteratively solve the MHD equations
until the model reaches a steady state. We take this to be when the mass-loss
rate, open magnetic flux, and angular momentum-loss rate of the wind vary by
less than 10 percent between iterations.

4.4 Stellar wind environments of the M-dwarfs

4.4.1 Prox Cen

Using an Alfvén wave flux-to-magnetic field ratio of Sa/B = 5 x 10% erg s7! cm ™2

G~!, we obtain a stellar wind with a mass-loss rate of M = 0.25 M® for Prox
Cen. This is in agreement with the upper limit obtained by [Wood et al| (2001]).
The rest of the free parameters in the model are as described in Section [£.3] Our
calculated mass-loss rate is also in line with other published works on the wind of
Prox Cen, which used proxies for the surface magnetic field (Garraffo et al., 2016;
|Alvarado-Gomez et al., [2020).

Figure[£.2]shows a 3D view of the simulated wind for Prox Cen. We see that the
planet orbits in a super-Alfvénic regime for the entirety of its orbit. Therefore, we
do not expect any unipolar planet-induced radio emission from Prox Cen during
the epoch of the observations from which the magnetic field map was reconstructed
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Figure 4.2: Simulated stellar wind of Prox Cen. The grey lines illustrate the large-scale
magnetic field of the star which is embedded in the wind. The orbit of Prox Cen b is
shown as a black circle, and the white line corresponds to where the Alfvén Mach number
Ma =1 (see Equation . The contour in the orbital plane is coloured by the wind
radial velocity (u;).

(April - July 2017, Klein et all) 2021a)). Note that we assume that the orbital plane
of the planet is perpendicular to the rotation axis of the star.

4.4.2 AU Mic

To investigate the two estimated mass-loss rates for AU Mic, we use two different
values for the Alfvén wave flux-to-magnetic field ratio. Again, the values used
for the rest of the free parameters in the model are given in Section For a
value of Sp/B = 1.1 x 10° erg s7! em™2 G~! (Sokolov et al., 2013), we obtain a
stellar wind mass-loss rate of 27 M@ for AU Mic. We refer to this as the ‘Low
M’ model for the star. Increasing the Alfvén wave flux-to-magnetic field ratio to
Sa/B =6 x 10° erg s7! em™2 G~!, we find that the mass-loss rate increases to
a value of 590 M@. We refer to this as the ‘High M’ model. Figure shows a
3D view of both stellar wind models for AU Mic. We take both planets to orbit
perpendicular to the stellar rotation axis, as both planets transit the star with
orbital inclinations of ~ 90° (Martioli et al., 2021), with the orbit of planet b
being aligned with the rotation axis of the star (Martioli et al., 2020).

In the case of the Low M model (left panel of Figure |4;3[), we find that both
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planets b and c orbit in the sub-Alfvénic regime for the majority of their orbit. This
means that the two planets could induce the generation of radio emission along
the lines connecting the planet to the star (Turnpenney et all [2018; [Vedantham
et all [2020). For the High M model however, both planets are in the super-
Alfvénic regime for their entire orbit (right panel of Figure , as the wind is
much denser than the Low M model. As a result, we do not expect planet-induced
radio emission from AU Mic in the case that it has a high mass-loss rate.

We now estimate the maximum mass-loss rate for AU Mic at which the plan-
ets can induce radio emission. Using a least-squares method, we fit our data
with a power law between the mass-loss rate and maximum size of the Alfvén
surface in the orbital plane RY*Y .. For our data, we obtain a fit of M =

9.6 x 10°( ‘&a’&.b)_ZG M@, where RY“%., is in stellar radii. For both planets
to be in sub-Alfvénic orbits at least partially, the maximum size of the Alfvén
surface must be greater than the orbital distance of planet c. Substituting this
orbital distance of 26.9 R, into our power law fit to our data, we find that AU
Mic would need to have a mass-loss rate of < 190 M@ in order for planet-induced
radio emission to be generated in its corona. Detection of such emission would
therefore allow us to place an upper limit of < 190 M@ on the mass-loss rate of
AU Mic. Note that in either case, radio emission could still be generated from
the planet’s own magnetosphere (see [Vidotto & Donati, [2017; Kavanagh et al.,
2019; Kavanagh & Vidottol 2020). We explore the scenario for the generation of
planet-induced radio emission in AU Mic’s corona further in Section [4.5.1

4.5 Planet-induced radio emission

4.5.1 AU Mic

Here, we describe our model we use to estimate the radio emission induced in the
corona of AU Mic by planets b and ¢, in the scenario where the star has a mass-loss
rate of < 190 M. We use our Low M model data in our calculations. A planet
is said to be in the sub-Alfvénic regime when the Alfvén Mach number is less than
1:

Au

My =—<1. (4.1)

ua
Here, Au is the relative velocity between the stellar wind velocity u and planet
orbital velocity up:

Au=u— Up. (4.2)

The orbital velocity of the planet is up, = /GM,/a (ﬁ, where G is the gravitational
constant, M, is the stellar mass, a is the orbital distance, and qAb is the azimuthal
angle. In equation [£.I] ua is the Alfvén velocity of the stellar wind at the planet:

B
UA =
A Tﬂ'p )

where B and p are the stellar wind magnetic field strength and density respectively.

(4.3)
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Figure 4.3: Left: Low M model of the stellar wind of AU Mic. The orbits of planets
b and c¢ are shown as black circles, and the white line corresponds to where the Alfvén
Mach number Ma = 1 (see Equation . 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 the generation of radio emission via ECMI
(see Equation. Note that planet ¢ can also induce generation, 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.
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The power of the Alfvén waves produced by a planet orbiting in the sub-
Alfvénic regime is (Saur et al., 2013):

P = 71/2R?Bp'/? Au? sin? 6, (4.4)

where R is the radius of the obstacle, and 6 is the angle between the vectors B and
Awu. Assuming the planet is unmagnetised, we use the planetary radius R, for the
obstacle radius. The waves travel towards the star along the magnetic field line
connecting it to the planet, and a fraction of their energy is converted into ECMI
emission. The emission occurs at the local cyclotron frequency (Turnpenney et al.
2018):

V=28 x10-*-2- GHz. (4.5)

1G

We assume emission can be generated everywhere along the magnetic field line
connecting the planet to the star, provided the cyclotron frequency exceeds the
plasma frequency:

v>u,=9x107° te

p— GHz. (4.6)
Here n, is the electron number density.

We trace each magnetic field line that connects to the planet’s orbit back to
the point where it connects to the surface of AU Mic. Both planets orbit through
closed-field regions of the star’s large-scale magnetic field, which predominantly
resembles an aligned dipole (Klein et al.; 2021b)). This means that ECMI emission
can be generated in both the Northern and Southern hemisphere of AU Mic.
Checking the condition in Equation [4.6] is satisfied, we extract the magnetic field
strength along the line and compute the cyclotron frequency with Equation [L.5]
These regions are highlighted in blue in the left panel of Figure We then
compute the flux density observed at a distance d from the system as

eP

v = Qd2v’ (47)

Here ¢ is the fraction of the wave energy from the interaction which is converted
into ECMI emission. Observations of the Jupiter-Io interaction indicate that €
0.01 (Turnpenney et al., 2018)), which we adopt here. € is the solid angle of the
emission beam. Again, we adopt the observed value for the Jupiter-Io interaction
of 2 = 1.6 sr (Zarka et al., 2004).

We show the flux density induced by planet b in the Northern and Southern
hemispheres of AU Mic as a function of its orbital phase in Figure [f.4] The flux
density is colour-coded with the frequency of the emission. We find that planet
b can induce emission from ~ 10 MHz — 3 GHz in both hemispheres, with flux
densities ranging from ~ 1072 — 10 mJy. Higher flux densities correspond to lower
frequencies (see Equation . Note that planet ¢ also can induce radio emission
in this frequency range, albeit with flux densities that are around an order of
magnitude lower. This is due to the term Bp!/? in Equation dominating
at larger orbital distances, as the density and magnetic field strength drop off



70 4.5 Planet-induced radio emission

radially. As the planets orbit with different rotation periods however, they may
produce distinct radio signals at different frequencies and periodicities that could
be detected.

In Figure [£.4] we also highlight the emission that is generated at 140 MHz,
which corresponds to the middle of the frequency range of 120 — 160 MHz at
which some M dwarfs have recently been detected (Vedantham et al.l 2020; |Call-
ingham et al., 2021). Vedantham et al.| (2020) suggested that their observations of
emission from the M dwarf GJ 1151 may be generated by a planet orbiting 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 radio and near-simultaneous
spectropolarimetric observations of M dwarfs similar to these systems so that this
scenario could be explored further.

Time-varying nonthermal radio emission from AU Mic at 1.5 GHz was reported
by |Cox & Gibsonl (1985)), with flux densities ranging from 2 — 3 mJy. Compared to
our predicted fluxes induced by planet b at this frequency range, the observed flux
densities are about an order of magnitude larger. If this emission was induced by
either planet, it would require a much higher radio power than we predict. This
could occur if the wind properties were enhanced in response to an increase in the
magnetic field strength of AU Mic. Alternatively, if the radius of the obstacle were
R =~ 3.2 Ry, the radio power estimated using Equation @ would increase by an
order of magnitude. We estimate that this would be the size of the magnetopause
of planet b if it had a dipolar field strength of ~ 6 G (see |Vidotto & Donati, [2017;
Kavanagh et al.l 2019). Therefore, not only could detection of planet-induced
radio emission allow us to constrain the mass-loss rate of the host star, but also
the magnetic field strength of the planet itself, if it is magnetised. As there is no
polarisation information reported by (Cox & Gibson| (1985) however, we unfortu-
nately cannot assess the origin of this emission this further. Future observations
with the VLA, MWA, or upcoming SKA radio telescope would certainly be ben-
eficial to search for radio signals in the frequency range at which we predict AU
Mic could emit planet-induced radio emission. A derivable quantity such as the
brightness temperature of the emission could allow for detected polarised emission
indicative of being planet-induced to be distinguished from flaring emission, as has
been illustrated by [Vedantham et al.| (2020).

4.5.2 Prox Cen

Radio emission from 1.1 — 3.1 GHz was recently detected from Prox Cen by |Pérez-
Torres et al.[(2021). These observations occurred during April 2017, at same epoch
the spectropolarimetric observations began for Prox Cen (Klein et al., |2021a).
Pérez-Torres et al.| (2021) suggested that this emission could be indicative of star-
planet interactions. If this is the case, it would require the planet to be orbiting
in the sub-Alfvénic regime. Our wind model of Prox Cen however, which has a
mass-loss rate in agreement with the upper limit obtained by [Wood et al.| (2001]),
shows that planet b orbits in the super-Alfvénic regime for the entirety of its orbit.
In order for the planet to induce radio emission from the corona of Prox Cen, the
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Figure 4.4: Radio spectrum of AU Mic induced by planet b in the Northern and Southern
hemispheres of the star’s corona (left and right panels respectively). 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 planet is in the super-
Alfvénic regime. No emission can generate in these regions (see Equation.

Alfvén surface would need to extend beyond the planet’s orbit. This would require
the mass-loss rate of the star to be significantly lower than the value we obtained
of 0.25 M.

To investigate this further, we ran two additional stellar wind models for Prox
Cen, with Alfvén wave flux-to-magnetic field ratios of Sa/B = 1.1 x 10* erg s*
em™2 G and 1.1 x 10° erg s~ em ™2 G~!. We obtain mass-loss rates of 0.05 Mg
and 0.57 M, ® respectively for these two simulations. In the case of the lower mass-
loss rate model, we find that the planet still orbits entirely in a super-Alfvénic
regime. Naturally, this is also the case for the model 0.57 M@, which has a denser
wind than our model presented in Section

We now use these results, combined with those from Section [f.4.1] to estimate
the Alfvén wave flux-to-magnetic field ratio and mass-loss rate needed to place
Prox Cen b in a sub-Alfvénic orbit. We first perform a least-squares power law
fit between the Alfvén wave flux-to-magnetic field ratio Sa/B and mass-loss rate
M, and find that M = 2.6 x 1075(Sa/B)*% Mg, for Prox Cen, where Sy/B is
in erg s7! em™2 G~!. The effects of changing Sa/B on the solar wind mass-loss
rate were investigated by [Boro Saikia et al| (2020) using the AWSoM model. For
comparison, we fit the same power law to their results, and find that during solar
minimum M o (Sx/B)*37, and during solar maximum M o (Ss/B)"*? (using
the lmax = 5 data in their Tables F.1 and F.2).

For Prox Cen, we compute the maximum radius of the Alfvén surface R,
in the orbital plane of the planet for each plot, and plot it with its corresponding
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Figure 4.5: Average radius of the Alfvén surface in the orbital plane of Prox Cen b
vs. the Alfvén wave flux-to-magnetic field ratio (red diamonds). The upper z-axis is
scaled accordingly based on the mass-loss rate of each wind simulation. The red dashed
line illustrates our least-squares power law fit to the datapoints. We extrapolate this fit
to estimate the Alfvén wave flux-to-magnetic field ratio required for the Alfvén surface
to exceed the orbital distance of the planet (blue horizontal line). If this condition is
satisfied, the planet can induce the generation of radio emission in the corona of the Prox
Cen. This region is shown in grey on the left-hand side. We find that an Alfvén wave
flux-to-magnetic field ratio of < 2.7 x 1072 erg s™' cm™2 G~! is needed for the planet to
orbit inside the Alfvén surface. This corresponds to mass-loss rate of < 1.1 x 1072 M®
for Prox Cen.

Alfvén wave flux-to-magnetic field ratio and mass-loss rate in Figure Again,
performing a least-squares power law fit between Y3, and Sa /B, we estimate
that an Alfvén wave flux-to-magnetic field ratio of < 5.3 x 103 erg s~ cm™2 G~!
is required in order to place the plane in a sub-Alfvénic orbit. This corresponds to
a stellar wind mass-loss rate of < 2.3 x 10”2 M), which is an order of magnitude
lower than the upper limit obtained by [Wood et al.| (2001)).

4.6 Discussion

There are some caveats to our planet-induced radio emission model. Firstly, we
assume that the emission is always visible to the observer. However, it is well-
established from observations of the Jupiter-To interaction that the emission gen-
erated in this interaction is beamed in a hollow cone (see Zarka et al., |2004)). As
a result, if the emission can be generated it would likely be beamed in and out of
the line of sight towards the system. Therefore, our results represent the best-case
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scenario where we always see the emission. We also do not account for the relative
rotational motion between the star and planet, which would effect which stellar
magnetic field line connects to the planet at any given time. Doing so would allow
for us to estimate the temporal variations one would see observing the system, if
this emission were detectable.

We also note that the higher radio fluxes we estimate for AU Mic in the case
of a low mass-loss rate correspond to lower frequencies. However, as was shown
by |Kavanagh & Vidotto| (2020)), low frequency radio emission could suffer from
significant attenuation from the stellar wind. We computed the thermal spectrum
of AU Mic’s low mass-loss rate wind using the model developed by |O Fionnagain
et al.|[(2019ab), and found that the wind is optically thick below ~ 0.1 GHz. This
means that a significant amount of the low frequency planet-induced emission
(< 0.1 GHz) we predict could be absorbed by the stellar wind. Note that we
compute a peak flux density of ~ 0.5 uJy for the thermal wind spectrum of AU
Mic, which is 2 — 3 orders of magnitude smaller than the predicted planet-induced
emission.

While we do not expect planet-induced radio emission from Prox Cen or AU
Mic in the case that it has a high mass-loss rate, radio emission could still be
generated in the magnetospheres of the orbiting planets (see [Vidotto et al. 2019).
For a low mass-loss rate however, AU Mic seems to be promising candidate for
detectable planet-induced radio emission. Simultaneous spectropolarimetric and
radio data of the system would be very complimentary to investigate this further,
which would allow us to assess the stellar wind environment of AU Mic at the time
of the radio observations. UV observations of the planetary transits could also be
used in parallel, which have been shown to vary depending on the mass-loss rate of
the host star (Carolan et al.|[2020). In a broader context, the methods presented in
the paper could be applied to a wide range of other suitable exoplanetary systems
which may be capable of generating planet-induced radio emission.

4.7 Conclusions

In this paper, we presented Alfvén wave-driven stellar wind models for the two
active M dwarfs Prox Cen and AU Mic, both of which are hosts to planets. We
used our stellar wind models to investigate whether the orbiting planets could
orbit sub-Alfvénically and induce radio emission in the coronae of their host stars,
through a Jupiter-Io-like interaction. For Prox Cen, we constrained our stellar
wind model using the upper limit for the mass-loss rate of 0.2 M@ obtained by
Wood et al.| (2001)). We found that for this mass-loss rate, the planet orbits in the
super-Alfvénic regime for its entire orbit. As a result, we do not expect that the
planet could induce radio emission from the corona of the host star. By performing
additional stellar wind simulations and extrapolating the results, we estimate that
Prox Cen would need to have a mass-loss rate of < 1.1 x 1072 M@ in order for
the planet to orbit sub-Alfvénically. In other words, Prox Cen would need to have
a mass-loss rate that is 20 times lower than the expected upper limit in order for
the orbiting planet to induce radio emission in its corona.
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For AU Mic, we investigated two scenarios, where the star has a low and high
mass-loss rate. By adjusting the flux of Alfvén waves propagating out of the
photosphere in our models, we obtained mass-loss rates of 27 M@ and 590 M@
respectively for the star. In the case of the low mass-loss rate (27 ]\.4®)7 we found
that both planets b and ¢ orbit sub-Alfvénically for the majority of their orbits.
This means that both planets could induce the generation of radio emission in
the corona of AU Mic. We showed that planet b could induce time-varying radio
emission from ~ 10 MHz — 3 GHz, with a peak flux density of ~ 10 mJy. The
radio emission we predict also bears a striking resemblance to that reported for the
M dwarf GJ 1151 by |Vedantham et al.| (2020]), which is suspected of be induced by
a terrestrial planet in a 1 — 5 day orbit. Planet ¢ could also induce radio emission in
this frequency range, but with flux densities that are about an order of magnitude
lower, and for a smaller fraction of its orbit. Due to the differences in orbital
periods, both planets b and ¢ could therefore produce radio emission distinct from
one another. Comparing our estimated planet-induced radio emission for AU Mic
to observations reported by |Cox & Gibson| (1985), we found that planet b could
be magnetised, with a field strength of ~ 6 G. However, as there is no polarisation
information reported by (Cox & Gibson| (1985), we cannot assess further if this
emission is indicative of being induced by the planets.

Our results illustrate that detection of planet-induced radio emission from AU
Mic could allow us to constrain both the mass-loss rate of the star, as well as the
magnetic field strength of the planet that induces the emission.
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5 | Radio masers on the active
M dwarf WX UMa

5.1 Abstract

The nearby M dwarf WX UMa has recently been detected at radio wavelengths
with LOFAR. The combination of its observed brightness temperature and circu-
lar polarisation fraction suggests that the emission is generated via the electron-
cyclotron maser instability. Two distinct mechanisms have been proposed to power
such emission from low-mass stars: either a sub-Alfvénic interaction between the
stellar magnetic field and an orbiting planet, or reconnection at the edge of the
stellar magnetosphere. In this paper, we investigate the feasibility of both mecha-
nisms, utilising the information about the star’s surrounding plasma environment
obtained from modelling its stellar wind. Using this information, we show that a
Neptune-sized exoplanet with a magnetic field strength of 10 — 100 G orbiting at
~ 0.034 au can accurately reproduce the observed radio emission from the star,
with corresponding orbital periods of 7.4 days. Due to the stellar inclination, a
planet in an equatorial orbit is unlikely to transit the star. While such a planet
could induce radial velocity semi-amplitudes from 7 to 396 m s~!, it is unlikely
that this signal could be detected with current techniques due to the activity of
the host star. The application of our planet-induced radio emission model here
illustrates its exciting potential as a new tool for identifying planet-hosting can-
didates from long-term radio monitoring. We also develop a model to investigate
the reconnection-powered emission scenario. While this approach produces less
favourable results than the planet-induced scenario, it nevertheless serves as a
potential alternative emission mechanism which is worth exploring further.

5.2 Introduction

Recent observations with the LOw Frequency ARray (LOFAR,|Van Haarlem et al.,
2013) have begun to shed light on the coherent radio emission mechanisms at play
in the coronae of M dwarfs (Vedantham et al., [2020; Davis et al., 2021} |Callingham
et al., 2021)). Many of these observations could be due to interactions between
the star’s magnetic field and a planet orbiting in the sub-Alfvénic region of the
stellar wind, which can extend out to tens of stellar radii in the case of M dwarfs
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(Davis et al., 2021; Kavanagh et al., 2021). Within 0.1 au, M dwarfs are expected
to host numerous rocky exoplanets (Burn et al., 2021)), the same region where
the habitable zones of these stars are thought to lie (Kopparapu et al., 2013]).
Confirmation of such interactions at radio wavelengths would be a game-changer
in the world of exoplanet detection, as these types of exoplanets remain largely
undiscovered by other techniques. They could also provide a new avenue to probe
both the magnetospheres of exoplanets, as well as the stellar wind environment of
the host star (Kavanagh et al.; [2021)).

One such M dwarf that was recently detected by LOFAR as part of the LOFAR
Two-metre Sky Survey (LoTSS, |Shimwell et al., |2017)) is the nearby active star
WX Ursae Majoris (hereafter WX UMa) (Callingham et al., 2021). It is a fast
rotator, and exhibits a strong and predominantly dipolar magnetic field, with an
estimated average unsigned strength of ~ 1 kG derived from Stokes V observations
(Morin et al., 2010). Additionally, Zeeman broadening measurements of the star
suggest that the surfaced-averaged field strength could be up to 7 kG, the strongest
field measured for a cool main-sequence star (Shulyak et al. |2017)). The relevant
physical parameters of WX UMa are listed in Table [5.1}

Between 2014 and 2016, WX UMa was detected nearly continuously in the
radio over three 8-hour intervals (Davis et al., [2021} |Callingham et al. |2021). The
observed emission exhibits a high degree of circular polarisation (2 70%), with a
peak flux density of ~ 1.2 mJy. The combined brightness temperature and high
degree of circular polarisation of the emission implies that it is generated via a
coherent emission mechanism. Two types of processes can produce coherent radio
emission: plasma and cyclotron emission (Dulk,|1985)). Plasma emission is powered
by the conversion of turbulent Langmuir wave energy into electromagnetic energy.
Such a scenario can occur when hot plasma is injected into a cooler and denser one,
such as during the flaring of coronal loops (Zaitsev & Stepanov, [1983; |Stepanov
et al. 2001; Vedantham)| 2021). However, |Callingham et al.| (2021) illustrated
that the emission from WX UMa cannot be explained by plasma emission, due to
the combination of its observed brightness temperature and circular polarisation
fraction. Therefore, cyclotron emission is likely to be the mechanism producing
the observed radio emission.

Cyclotron emission, or electron-cyclotron maser instability (ECMI) emission,
occurs in rarefied, strongly magnetised plasmas (Dulkl [1985)). The basic principle
in a stellar /planetary context is as follows: electrons are accelerated along magnetic
field lines, travelling towards regions of higher magnetic field strengths. This
introduces a population of high-velocity electrons into the plasma relative to the
already-existing thermal distribution. As the field strength increases, the field lines
converge, and the accelerated electrons are reflected due to a magnetic mirroring
effect, provided that their pitch angle (the angle between their velocity vector
and the magnetic field) is large enough. This produces a so-called ‘loss cone’
or ‘horseshoe’ distribution, referring to the shape of the velocity space that the
electrons which power the maser occupy (Treumann, |2006). These conditions have
been identified as those necessary to drive the maser. If electrons are continuously
accelerated, the maser will continue to be powered. The first star discovered to
exhibit emission consistent with ECMI was the chemically peculiar star CU Vir
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Table 5.1: Stellar parameters of WX UMa used in this work.

Stellar parameter Value
Mass (M,)" 0.095 M,
Radius (R4)? 0.12 R,
Unsigned average large-scale magnetic field strength? 1 kG
Rotation period (P;)? 0.78 days
Inclination (i)? 40°
Distance (d)* 4.9 pc

1: [Newton et al|(2017)); 2: [Morin et al|(2010); 3: |Gaia Collaboration|
et al.| (2018)

(Trigilio et al., |2000)).

Two sources of the energy required to power ECMI have been identified for
stars. The first of these is analogous of the sub-Alfvénic interactions between
Jupiter and Io (Neubauer, [1980; Hess et al., 2008; [Saur et al) 2013). In this
scenario, o perturbs Jupiter’s magnetic field in a sub-Alfvénic orbit, producing
Alfvén waves which travel back towards Jupiter. The mechanical energy carried
by the waves is then thought to subsequently dissipate, accelerating electrons and
powering ECMI. For close-in exoplanetary systems, a similar process is thought
to occur, where the roles of Jupiter and Io are taken by the star and planet
respectively. Such interactions are expected to produce bright radio emission, at
both MHz (Hess & Zarkal, [2011; Turnpenney et al., 2018} Kavanagh et al., 2021)
and GHz frequencies (Leto et al. 2017; [Pérez-Torres et al., [2021)). The current
sheet regions of the plasma environments surrounding stars (Linsky et al., 1992}
Trigilio et al., 2004} Nichols et al., [2012} (Owocki et al., [2022) and planets (Cowley
& Bunce, 2001) have also been identified as suitable acceleration sites for electrons
in powering ECMI. In this scenario, magnetic reconnection is thought to provide
electrons with energy at the edge of the magnetosphere, accelerating them to
higher latitudes.

In this paper, we explore the feasibility of these two scenarios in reproducing the
observed radio emission from WX UMa, utilising the plasma environment obtained
from modelling its stellar wind environment. For the planet-induced scenario, we
expand upon the model presented by Kavanagh et al.| (2021), accounting for the
beaming and polarisation of the generated emission, as well as the stellar rotational
and planetary orbital motions for the first time in the literature. We then apply
our updated planet-induced radio emission model to WX UMa, and investigate
what planetary and orbital properties best-reproduce the radio observed emission
of WX UMa. We also develop a model to investigate the reconnection-powered
scenario.

5.3 Stellar wind environment of WX UMa

To model the stellar wind of WX UMa, we use the Alfvén wave-driven AWSoM
model (van der Holst et al.,|2014)) implemented in the 3D magnetohydrodynamics
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(MHD) code BATS-R-US (Powell et al., [1999). In this model, Alfvén waves
propagate outwards from the base of the chromosphere along the stellar magnetic
field lines. As they propagate, the waves are partially reflected. The interaction
of the outward-propagating and reflected waves produces a so-called ‘turbulent
cascade’, which dissipates the mechanical wave energy into thermal energy, heating
the corona and driving the stellar wind outflow (Chandran et al., 2011).

BATS-R-US iteratively solves the ideal set of MHD equations in the stellar
co-rotating frame on a three dimensional grid for a set of inputs, providing us
with the density, magnetic field, velocity, pressure, current density, and Alfvén
wave energy density of the stellar wind plasma in the observer’s reference frame
(Cohen et all 2011; Vidotto et all 2012; Garraffo et al.| 2017, |Alvarado-Gomez
et al., 2019; Kavanagh et al., 2021; Evensberget et al., |[2022)). For our stellar wind
model of WX UMa, we use a spherical grid that extends from the base of the
chromosphere to 100 times the stellar radius. Our grid also includes regions of
enhanced resolution, in order to mitigate the effects of numerical dissipation. The
total number of cells in our grid is around 8,000,000. Once the mass-loss rate of
the star changes by less than 10 percent between iterations, we take this to be the
steady-state solution for our set of input values.

The main inputs for the AWSoM model are the mass, radius, and rotation
period of the star, as well as the stellar surface magnetic field. For the magnetic
field we use the map of the star in 2006, which was reconstructed by
using the Zeeman-Doppler imaging method. The radial component of the
map is implemented at the inner boundary of our wind model, which is shown
in Figure Another key parameter in the model is the Alfvén wave flux-to-
magnetic field ratio S4/B, which affects the amount of mass lost via the stellar
wind (see [Boro Saikia et al., 2020; Kavanagh et al., [2021; |O Fionnagéin et al.,
2021). This is a free parameter in our model. For WX UMa, we adopt an Alfvén
wave flux-to-magnetic field ratio of S4/B = 1 x 10° erg s™' cm™2 G~!. This
produces a stellar wind with a mass-loss rate of 2.1 x 10714 Mg yr~t. With an X-
ray luminosity of 3.1 x 10?7 erg s~ (Schmitt & Liefke, [2004)), the mass-loss rate we
obtain for WX UMa is in agreement with emerging trends between the mass-loss
rates and surface X-ray fluxes of low-mass stars (see Jardine & Collier Cameron,
2019; [Wood et al., 2021} [Vidotto, |2021]). Note that for the remaining inputs in the
model relating to the Alfvén wave physics, we adopt those presented in
(2021). In Appendix A, we show the density, electron temperature, and
magnetic field strength profiles of the stellar wind of WX UMa.

With a mass-loss rate of 2.1 x 107! Mg, yr~!, we find that the stellar wind
of WX UMa is sub-Alfvénic out to ~ 60-80 R, in the reference frame of a planet
orbiting in the equatorial plane. We also find that the closed-field region of the
star’s magnetic field extends out to ~ 40 R, in the current sheet (where the radial
magnetic field is zero). A 3D view of the stellar wind environment is shown in
Figure[5.2] The location of the Alfvén surface of the stellar wind in the equatorial
plane is of particular interest, as inside this region, an orbiting planet can induce
the generation of radio emission along the magnetic field line connecting the planet
and star. In the reference frame of an orbiting planet, the sub-Alfvénic region is
defined as where the relative velocity between the stellar wind and the planet (Au)
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Figure 5.1: Radial surface magnetic field map of WX UMa in 2006, reconstructed by
[Morin et al|(2010). We implement this at the inner boundary in our stellar wind model.
The dashed grey line shows where the polarity is neutral (B, = 0). We refer to the visible
hemisphere (the pole with a negative polarity) as the Northern hemisphere.

is less than the local Alfvén velocity:

Au <up = , (5.1)

where By, and py, are the magnetic field strength and density of the stellar wind
at the position of the planet.

The location of the Alfvén surface in the current sheet of the stellar wind plasma,
is also of interest in the context of radio emission, in that it is thought to be a
point of significant acceleration for electrons at the edge of planetary and stellar
magnetospheres, powered via magnetic reconnection (Linsky et al., 1992} Trigilio
et al., 2004} [Cowley & Bunce, 2001; Nichols et all [2012; |(Owocki et all [2022).
In the following Sections, we explore the feasibility of both the planet-induced
and reconnection scenarios in producing the observed emission of WX UMa at
144 MHz, utilising the information about the plasma environment obtained from
our modelling of the stellar wind.

5.4 Emission induced by an orbiting planet

If there is a planet orbiting inside the Alfvén surface of WX UMa (i.e. at an orbital
distance of < 80 R,), it can perturb the magnetic field of the star and produce
Alfvén waves . These waves can travel back to the star along the
field lines connecting to the planet, producing radio emission via ECMI
2013; | Turnpenney et al., [2018). In |[Kavanagh et al|(2021), we developed a model
to compute the emission generated in this type of interaction, which accounts for
the realistic magnetic field structure and plasma environment of the star obtained
from stellar wind simulations such as that shown in Figure Here, we expand
upon this model further, accounting for both the beaming and polarisation of the
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Figure 5.2: Simulated stellar wind environment of WX UMa out to a distance of 70 R,
(~ 0.039 au). The equatorial plane is coloured with the radio power that can be induced
in the star via Alfvén waves generated through a sub-Alfvénic interaction with a Neptune-
sized planet with a 10 G magnetic field at that location. Around 1% of the Alfvén wave
energy is expected to be converted into radio emission. In the case of WX UMa, sub-
Alfvénic interactions can occur out to ~ 80 R, in the equatorial plane. The white circle
shows the orbital distance (0.034 au) we identify where a Neptune-sized exoplanet could
orbit and induce emission at 144 MHz, comparable to that recently detected with LOFAR
(see Section. The grey lines show the large-scale magnetic field of the star.
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generated emission, as well as the respective stellar rotational and orbital motions
of the potential planet.

ECMI emission is beamed in a hollow cone (Dulk} 1985, which will only be seen
by the observer if the beam points along the line of sight. We take the emission
cone to have an opening angle a and thickness Aa. The angle « is measured
from the tangent L of the magnetic field that points away from the stellar surface,
and the unit vector £’ points towards the observer. For WX UMa, the visible
(Northern) hemisphere exhibits a predominantly negative polarity (Figure ,
and therefore L = —B, where B is the magnetic field. A sketch of the geometry
described here is shown in Figure [5.3]

The angle formed between the emission cone and line of sight in the Northern
hemisphere is given by
¢ -B-# -B/

Bl - 2
Bi' Bi' B’ (5.2)

cos 3 =

where B, is the magnetic field component at the emission site that points towards
the observer. Note that in the Southern hemisphere, the tangent vector is L = B.
In general, the radial magnetic field at the emitting point B, tells us the direction
of the tangent vector. The emission is beamed towards the observer if the angle g
is in following range:

a—%<ﬁ<a+%. (5.3)

100% circularly polarised ECMI emission is generated at either the fundamental
or second harmonic of the local cyclotron frequency:

B
Vo= — (5.4)

2mme’

where e and m, are the electron charge and mass respectively. Note that for ECMI
emission to be generated, the cyclotron frequency must exceed the local plasma
frequency (Dulk, [1985):

e2n,

(5.5)

Ve > Vp = o
where n, is the electron number density.

The polarisation of ECMI emission depends on the magnetic polarity of the
point on the field line where it is generated relative to the observer, as well as
the magnetoionic mode. For LOFAR, the convention for emission in the o-mode
is that the Stokes V flux is observed with a positive sign for a positive polarity
(By > 0), and negative for a negative polarity (B, < 0) (Davis et all [2021)). For
z-mode emission, the reverse is true. The predominantly negative flux density
of WX UMa presented by Davis et al| (2021) therefore implies that the emis-
sion either originates from the Northern hemisphere via o-mode emission, or from
the Southern hemisphere via z-mode emission (refer to the respective magnetic

polarities in Figure [5.1).
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Provided that Equations and are satisfied, an observer at a distance d
from the star receives a planet-induced flux density of

eP

Fo = 0ean (5:6)

where the sign of the received flux depends on the magnetic polarity of the emit-
ting point (the sign of B,’), and the magnetoionic mode of the emission. Here,
Av is the bandwidth of the emission, which we take as the difference between
the maximum and minimum frequency along the field line where Equation [5.5] is
satisfied. For a given field line, the bandwidth of second harmonic emission is
twice that of fundamental emission. We assume that the flux density is constant
with the emitted frequency, which is consistent with the observed spectra of ECMI
emission on Jupiter (Zarka) [2004).

We consider emission at the middle of the observing band here (v = 144 MHz),
where v is either v. (fundamental emission) or 2v, (second harmonic emission).
In Equation [5.6] € is the fraction of the Alfvén wave energy that is converted into
radio emission, which from observations of the Jupiter-Io sub-Alfvénic interaction
imply that ¢ = 0.01 (Turnpenney et al., |2018)). We use the same value in our
calculations. € is the solid angle of the emission cone, which we compute as

2T at+Aa/2
Q= / / sin 0dfd¢ = 4msin(«) sin(Aa/2). (5.7)
0 a—Aa/2

The emission cone produced in the Jupiter-lo sub-Alfvénic interaction is observed
to have an opening angle of @ = 75° and thickness of Aa = 15° (Zarka et al.
2004)), giving a solid angle of 2 = 1.58 sr. Again, we adopt the same value here.
The power of the Alfvén waves generated by the sub-Alfvénic interaction is
(see Appendix B):
P = 1'2R? By pt/? Au? sin® 6. (5.8)

Here, Ry, is the effective radius of the planet, which in the case of a magnetised
planet, can be approximated as the size of its magnetopause. The magnetopause
extends out to where the magnetic pressure of the planet equals that of the in-
cident stellar wind, which is predominantly magnetic in the sub-Alfvénic region.
Therefore, with an incident stellar wind with a magnetic field strength of By,, and
a planetary field strength at the magnetopause of B ,,, pressure balance gives
(Vidotto et al. |2013]):

.S Vi L 5.9
8w 8 (5.9)

For a dipolar magnetic field that is aligned with the stellar rotation axis, the
strength of the planetary field at the magnetopause is

Bym = %(%)3, (5.10)

where B, and R, are the planetary polar magnetic field strength and radius.
Plugging this in to Equation[5.9] we can obtain an expression for the magnetopause
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size: 1 B.\1/
P

Ry = (QBW) R,. (5.11)
As the large-scale magnetic field of WX UMa resembles an aligned dipole, the
equatorial field strength exhibits small variations in a circular orbit around the
star. Combined with the weak dependence on the stellar wind magnetic field
strength in Equation [5.11] the size of the magnetopause is effectively constant for
a given orbital distance.

In terms of the remaining terms in Equation[5.8] py, is the density of the stellar
wind at the position of the planet respectively, and Awu is the relative velocity
between the stellar wind and planet. At a distance a from the star, we assume
that the planet is in a circular orbit in the equatorial plane of the star, moving
in the positive azimuthal direction ¢ (prograde orbit). The planet orbits with a
Keplerian velocity of u, = \/GM,/ a, where G is the gravitational constant. The
relative velocity between the stellar wind and planet is given by Au = uy, — up,
and 6 is the angle between the vectors Au and By,.

We assume that the planet has an initial orbital phase of ¢, ¢ at the start of the
stellar rotation phase covering the beginning of the 2014 radio observations. The
star subsequently progresses by rotation phase ¢,, and the planet phase increases
by ¢p. A sketch of the geometry described here is shown in Figure At the
stellar rotation phase ¢,, the planet intercepts the magnetic field line at longitude

P,
¢l = ¢p,0 + ¢p - ¢* = ¢p,0 + (F - 1>¢*~ (5.12)

p

In the stellar coordinate system, Equation [5.12] describes the position of the planet
in the equatorial plane of stellar wind as a function of stellar rotation. The two
phases ¢, and ¢, relate to one another via the stellar rotation and orbital periods
P, and P;:

P,
= — %5 .1
b =50 (513)
and P, is given by Kepler’s third law:
a3
P, =271 G- (5.14)

5.4.1 Can the emission from WX UMa be explained by an
undetected planet?

Our goal here is to determine whether the observed emission from WX UMa pre-
sented by Davis et al| (2021) can be reproduced by a planet orbiting in the sub-
Alfvénic regime of the stellar wind. If so, what are the planetary and orbital
parameters that best-reproduce the radio emission of the star? In our model, the
planet’s magnetopause size R, orbital distance a, and initial orbital phase ¢ o
are free parameters. For orbital distances < 5 R,, fundamental ECMI emission
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Figure 5.3: Sketch of the emission cone geometry for the planet-induced scenario. If
a planet orbits its host star with a sub-Alfvénic velocity (Equation , it can produce
Alfvén waves which carry energy back towards the star along the field line connecting the
star and planet. This energy then dissipates near the surface, producing radio emission
via ECMI. In the closed-field region of the star’s magnetic field, the field line connects
the planet back to the star in both hemispheres, producing emission in two locations.
For clarity here we show emission generated in the Northern hemisphere only. If the
planet orbits in the open-field region however, the generation of ECMI is limited to one
hemisphere. The emission generated is beamed in a hollow cone, with an opening angle
a and a thickness Aa. The angle « is measured from the tangent to the magnetic field
line L which points away from the stellar surface, in the opposite direction of the Alfvén
wave propagation. The vector &' points towards the observer, and 3 is the angle between
L and &'. If B is in the range of o = Aq, the emission is seen by the observer.
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Figure 5.4: Top-down view of the equatorial plane of the star, defined by vectors & and
9. The rotation axis points out of the figure. The planet orbits in the direction of the
vector Q. Initially, it is at an orbital phase of ¢y 0, at a distance a from the star (left).
Then, the star rotates by phase ¢., and the planet progresses by phase ¢p (right). The
phase ¢; is the longitude of the magnetic field line in the stellar coordinate system that
the planet intercepts as it orbits the star. For clarity, we do not show the planet’s own
magnetosphere.

cannot be generated, as the magnetic field strength of each line exceeds that re-
quired for fundamental ECMI at 144 MHz (the middle of the observing band).
Similarly, second harmonic ECMI emission is limited to orbital distances 2 7 R,.
At ~ 80 R,, the stellar wind also becomes super-Alfvénic, and for orbits greater
than this distance, an orbiting planet can no longer induce radio emission from the
star. Therefore, we limit our range of orbital distances to 5-80 R, for fundamental
ECMI, and 7-80 R, for second harmonic ECMI respectively.

Within these ranges of orbital distances, we vary the value of ¢, from 0 to
1, and find the point on the magnetic field line connecting to this location in
the orbital plane that corresponds to fundamental and second harmonic ECMI
emission via Equation [5.4] For each position of the planet, we linearly interpolate
the relevant stellar wind properties to compute the power of the Alfvén waves
generated via Equation [5.8] as well as those needed to determine the beaming
angle at a given frequency on the connecting field line via Equation [5.2] Provided
that the emission from each point is beamed towards the observer (Equation [5.3)),
and the cyclotron frequency exceeds the local plasma frequency (Equation ,
we compute the flux density that the observer sees for a range of radii using
Equation We also consider emission in both the z and o-mode, accounting
for the respective sign of the flux density, which depends on the orientation of
the magnetic field relative to the observer (see Section . We perform our
calculations for all stellar rotation phases covered by the radio observations of
WX UMa, using Equation [5.12] to determine the magnetic field line the planet
intercepts as the star rotates. This gives us the flux density of fundamental and
second harmonic ECMI emission induced by the planet as a function of stellar
rotation, which we refer to as the ‘radio lightcurve’ of the star.

To determine which set of parameters best-reproduce the observed radio
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lighcurve of WX UMa, we use a x? test as a guide. We calculate the value of
x? as ,
2 _ N (Fobs = 1)

X Z NobsTobs> ’ (515)
where Fyps and og,s are the observed flux and its respective error, ngps is the
number of observed flux values, and Fj, is the planet-induced flux density computed
using Equation The lightcurve presented in [Davis et al.| (2021)) is binned in
to 2-hour windows, which is too coarse for comparison to our model. Therefore,
following the same procedure described in |Davis et al| (2021)), we extract the
144 MHz lightcurve with a temporal resolution of ~ 20 minutes, giving a total
number of observations of neps = 72 (24 for each epoch).

We compute the value of x? for each set of inputs, and then visually check
the lightcurves that produce values of x? ~ 1. For fundamental ECMI emission,
we find that the observed lightcurve of WX UMa is best-reproduced by a planet
orbiting the star at ~ 0.034 au (60.6 R, ), with a x? value of 0.97. The magnetoionic
mode we identify here is the o-mode, with the induced emission occurring in the
Northern hemisphere. The initial orbital phase of the planet relative to the 2014
radio observations is 0.15, and the corresponding magnetopause size for these
values is 11.9 Rncp. For reference, the size of Jupiter’s magnetopause varies from
~ 50 to 100 Jupiter radii depending on the solar wind conditions (Bagenal, [2013).
Using Equation the resulting planetary radius is 0.9 — 1.9 Neptune radii
(Rnep) for polar magnetic field strengths from 10 — 100 G, which is the range of
inferred field strengths for hot Jupiters (Table 3 of |Cauley et al.l |2019, neglecting
their values for an efficiency of 100%).

For second harmonic ECMI emission, the planet that best-reproduces the ob-
served emission also orbits at ~ 0.034 au, with an initial orbital phase of 0.13 and
a corresponding x? of 0.92. Again, we identify the emission to occur in the o-
mode here. The size of the magnetopause is 16.6 R,, which is larger than that for
fundamental ECMI, to compensate for the larger bandwidth Av in Equation [5.6
(for a given field line, the bandwidth of second harmonic emission is twice that
of fundamental emission). For polar magnetic field strengths of 10 — 100 G, the
planetary radius is 1.3 — 2.7 Rncp. We list the orbital phases of the planet in each
case across the 3 observing epochs in Table [5.2]

In Figure we show a comparison of the best-fitting planet-induced
lightcurves for fundamental and second harmonic ECMI to the observed emission
from WX UMa presented in |Davis et al.| (2021). The planet-induced flux densities
obtained are predominantly negative, in agreement with the observations and the
assumption that the emission occurs in the o-mode. The surface field of the star
exhibits a predominantly negative polarity in the North pole. As a result, the
open field lines connecting to the planetary orbits identified tend to connect back
to the North pole as opposed to the South pole, producing a negative flux density.

We note that there is not a unique set of best-fitting values; rather, those
presented here represent those that produce the lowest value of x2. We find a few
additional values that produce reasonable fits to the observations. These typically
have values of y? < 1.3. We list all sets of best-fitting values for fundamental and
second harmonic emission in Table [5.3
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Figure 5.5: Best-fitting planet-induced radio lightcurves of WX UMa at 144 MHz, for
fundamental (red) and second harmonic (blue) ECMI emission. In both cases, the pre-
dicted planet orbits at ~ 0.034 au, with a magnetopause size of 11.9 and 16.6 Rnep
respectively. For planetary magnetic field strengths of 10 — 100 G, the radius of the
planet ranges from 0.9 to 1.9 Rnep in the case of fundamental ECMI, and 1.3 to 2.7 Rnep
for second harmonic ECMI. The grey dots and lines show the observed flux density and
respective 1o errors from WX UMa at a temporal resolution of ~ 20 minutes.

Table 5.2: Orbital phases of the predicted planet that best-reproduces the observed
lightcurve of WX UMa at 144 MHz during the 3 observing epochs, for fundamental and
second harmonic ECMI. The values shown here are ¢p,0 + ¢, (see Figure [5.4)).

July 2014  November 2015 March 2016
Fundamental 0.04 — 0.08 0.49 — 0.54 0.50 — 0.54
Harmonic 0.88 — 0.92 0.36 — 0.40 0.37 - 0.42

Table 5.3: Predicted planetary and orbital parameters that reproduce the observed
lightcurve of WX UMa for fundamental and second harmonic ECMI emission, listed
in order of increasing orbital distance. The values from left to right are the planetary
orbital distance (a), orbital period (P,), magnetopause size (Rm), radius assuming a
polar magnetic field strength of 10 G (Rp,10 ¢) and 100 G (Rp,100 ¢) calculated using
Equation [5.11} initial orbital phase ¢ 0, and resulting x? calculated using Equation
Values of x° < 1.3 generally produce reasonable results.

a P, R Rpioc Rpiooc épo  X°
(au) (days) (Rwep) (RNep) (RNep)
Fundamental:
0.028 5.4 8.4 1.6 0.7 0.13 1.20
0.033 7.2 9.3 1.5 0.7 0.15 1.32
0.034 7.4 11.9 1.9 0.9 0.15 0.97
Harmonic:
0.028 5.4 14.7 2.7 1.3 0.10 1.08

0.034 7.4 16.6 2.7 1.3 0.13 0.92
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5.4.2 Visibility of the potential planet

With the orbital and planetary parameters identified for a planet that could re-
produce the observed emission from WX UMa, the next question is how visible
would this planet be at different wavelengths? Here we explore the visibility of the
planetary signatures, both in the radio and using traditional exoplanet detection
methods.

Radio visibility at 144 MHz

First, in the radio we compute the planet-induced lightcurve at 144 MHz using
the best-fitting values for fundamental and second harmonic ECMI emission iden-
tified in Section [5.4.1] covering the planetary orbit over 1000 stellar rotations.
In both cases, we find that if we observe the system at randomly chosen 8-hour
window, we catch the planetary signal 26% of the time when accounting for the
emission beaming and plasma frequency condition (Equations and . The
average flux density induced via fundamental ECMI that is visible to the observer
is —0.85 mJy, with a 1o standard deviation of 0.50 mJy. For second harmonic
ECMI, the average flux visible to the observer is —0.85 + 0.54 mJy. For reference,
8 hour observations with LOFAR typically reach a sensitivity level of ~ 0.1 mJy.
Considering that the 144 MHz emission from WX UMa is seen nearly continu-
ously over the three separate epochs may make it difficult to reconcile with the
planet-induced case presented here. That being said, a much longer radio ob-
serving campaign will be needed to assess this further. Additionally, propagation
effects such as free-free/gyroresonance absorption and refraction may also further
hinder the detection/visibility of a planet-induced signal (see Appendix D).

We then investigate what the dominant periods are in the planet-induced radio
signal, which is useful information for planning future radio observations of the
star. To explore this, we employ the Lomb-Scargle periodogram (Lomb), [1976;
Scargle, 1982)). In Figure we show the periodogram of the planet-induced
radio signal at 144 MHz for fundamental ECMI emission. The periodogram of
the lightcurve induced via second harmonic ECMI gives the same result, as the
orbital distances in both cases are equivalent. We find prominent peaks at the
fundamental and harmonics of the orbital frequency of the planet v, = 1/P,, with
the most dominant peak occurring at the second harmonic (21,). This can be
interpreted as when the planet intercepts field lines that are in the plane of the sky,
which occurs twice per orbit. Such information could prove useful in carrying out
future searches for such signals in the radio. In contrast, chromospheric emission
lines such as Ca IT H & K (3968.47 & 3933.66 A) and He I D3 (5875.62 A), which
are thought to be tracers of star-planet interactions, are expected to show strong
periodicity with the fundamental and harmonics of the beat period of the star
and planet (Pyeat = Py Pp/|Px — Py|) and the fundamental of the planetary orbital
period (Fischer & Saur| [2019; [Klein et al., [2022). This highlights the benefits of
simultaneous multi-wavelength observations (e.g. optical and radio) in probing
star-planet interactions.
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Figure 5.6: Periodogram of the planet-induced radio lightcurve at 144 MHz from
WX UMa via fundamental ECMI. The lightcurve shows prominent periodicity at the
fundamental and harmonics of the planetary orbital frequency v, = 1/P,, with the most
dominant peak being found at the second harmonic. These are indicated by the vertical
lines.
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Figure 5.7: Dynamic radio spectra of WX UMa induced by the planet that best-
reproduces the observed emission via fundamental ECMI at 144 MHz over the three
epochs (left to right). At 144 MHz, the morphology of the flux density is that shown
in Figure for fundamental ECMI. The radio emission is only visible to the observer
if it is beamed along the line of sight, and if the local cyclotron frequency exceeds the
plasma frequency. Note here that we have neglected the sign of the flux density. In the
LOFAR convention, this emission would be seen as a negative flux (from the Northern
hemisphere).

Planet-induced dynamic radio spectrum of WX UMa

We now explore the range of possible emission frequencies along the entire mag-
netic field line connecting to the planet at each point in its orbit during the LOFAR
observations. Provided Equation is satisfied, and the emission is beamed to-
wards the observer, we compute the flux density emitted from each point on the
field line from 10 MHz to 10 GHz for fundamental ECMI emission, producing a
dynamic radio spectrum at each of the three epochs. This frequency range covers
all possible emitting frequencies via fundamental ECMI for the stellar magnetic
field lines connecting to the predicted planetary orbit at ~ 0.034 au, which is de-
termined by the field strength along each line (see Equation . The resulting
dynamic spectrum is shown in in Figure As the best-fitting orbital distance
for second harmonic ECMI emission is the same as that for fundamental emission,
the resulting dynamic spectrum is very similar, albeit over a bandwidth that is
twice that of fundamental emission. This is shown in Figure While both are
comparable, detection of second harmonic emission may be more favourable than
fundamental emission, as stellar winds are more optically thin at higher wave-
lengths in the radio regime (Panagia & Felli, [1975; O Fionnagain et al. 2019a}
Kavanagh et al., 2019, see Appendix D also). Multi-wavelength radio observa-
tions of the system could also help distinguish between the two modes (e.g. [Das
& Chandra; 2021)).



5 Radio masers on the active M dwarf WX UMa, 91

Transit of the stellar disk

In terms of traditional exoplanet detection methods, for a planet to transit
WX UMa, its orbital distance a must satisfy

o<t B (5.16)
Sin iy

With a stellar inclination of i, = 40° (Morin et al.| [2010) and a maximum radius
of ~ 2.7 Ryep, the planet would need to orbit WX UMa at a distance of < 2.8 R,
(0.002 au), assuming it orbits in the equatorial plane. This value is smaller than the
minimum orbital distance where fundamental or second harmonic ECMI emission
can be induced in the star. Therefore, with our predicted orbital parameters, such
a planet would not be detectable via transit observations.

Radial velocity signatures

While detectability via transits is not likely for the putative planet, it may be
possible for it to generate measurable radial velocity signatures in spectroscopic
lines from the star. The radial velocity semi-amplitude due to the presence of a
planet is (Wright & Howard} [2009):

K_ (G)l/Q( M, cos i, (5.17)

M, + My)t/2’

where M), is the mass of the planet. Assuming a Neptunian density of 1.6 g cm ™3,

for a planetary radius of 0.7 — 2.7 Rnep the semi-amplitude varies from 7 —
396 m s~!. A signal of this strength is well within the detection capabilities of
current-generation spectrographs. However, radial velocity measurements of the
star are likely to be completely dominated by stellar activity, with the associated
radial velocity jitter ranging from 60 — 530 m s~! (Morin et al., [2010).

5.5 Reconnection at the edge of the
magnetosphere

ECMI emission may also be generated from WX UMa without the presence of a
planet. If reconnection occurs in the current sheet of the stellar wind plasma at
the edge of the magnetosphere (Linsky et al., [1992; Trigilio et al., [2004; |[Nichols
et al., [2012)), electrons may be accelerated towards the magnetic polar regions.
This acceleration could produce a population of high-velocity electrons in a loss-
cone or horseshoe distribution, which in turn can power ECMI (see Section .
Provided there is no evolution of the magnetic field or surrounding stellar wind
plasma, emission generated via such a mechanism would be modulated by the
stellar rotation period.

To investigate this scenario for WX UMa, we first identify the magnetic field
lines connecting to the Alfvén surface in the middle of the current sheet (where the
radial component of the magnetic field is zero). We then find the points along each



92 5.5 Reconnection at the edge of the magnetosphere

field line which correspond to fundamental and second harmonic ECMI emission
at 144 MHz using Equation At each point, we assume that the emitted flux
is proportional to an emission proxy p, which we normalise by its maximum value
at the emitting points. We calculate the total flux as the sum the contributions
from all emitting points at 144 MHz:

F = C'Zp, (5.18)

where C' is a scaling constant. Again, we check the same beaming and plasma
frequency conditions described by Equations [5.3] and [5.5]

We consider two proxies for the emission in the closed field of WX UMa. The
first follows the formulations of [Llama et al.| (2018), who illustrated that the ob-
served radio modulation at 4 — 8 GHz of the active M dwarf V374 Peg can be
reproduced by assuming the emission is proportional to the density of free elec-
trons in the closed field. The second proxy utilised is the current density along the
field lines. This is inspired by Ohmic heating, in which the energy is proportional
to the square of the current density (Meyer et al.,|[2013; Gibb et al.| 2014)). Ohmic
heating is thought to originate in reconnection events (Benz, [2017)), such as those
which may power ECMI from magnetised stars.

Utilising these two proxies, we carry out the same process as for the planet-
induced scenario. By varying the scaling constant C' in Equation [5.18] we deter-
mine what values minimises value of x2:

XQZZM- (5.19)

NobsOobs 2

As we assume that the large-scale magnetic field and plasma density do not change
over the course of the radio observations, we phase-fold the data in our analysis
here. Considering both proxies, combined with emission generated in both the x
and o-mode via fundamental and second harmonic ECMI at 144 MHz, we find that
only the density proxy can reproduce the observed emission via fundamental o-
mode ECMI. The maximum density that we normalise the proxy by for the points
emitting fundamental ECMI at 144 MHz is 1.56 x 10° cm 3. The scaling constant
obtained for the density proxy which best-reproduces the observed emission is
C = 0.21 mJy, with a corresponding x? of 2.03.

In Figure [5.8) we show a comparison of the phase-folded radio observations to
that obtained using the density as a proxy for the emission. As the emission de-
pends only on the structure of the magnetosphere, it is modulated by the stellar
rotation period. This distinguishes it from planet-induced emission, which has
prominent periodicity with harmonics of the planetary orbital frequency (e.g. Fig-
ure . We also overlay the line of sight magnetic field strength from Table A4 in
Morin et al.| (2010) in Figure to compare to the phase-folded lightcurve. The
modulation of these values seem to match the observed emission relatively well for
rotation phases 0.3 — 0.7.

Visually, using the density as a proxy for the emission reproduces the observed
phase-folded lightcurve relatively well. That being said, the drawback of the model
here is that the value obtained for the scaling constant is not physically motivated,
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unlike those identified in the planet-induced scenario, which describe a sub-au or-
bit of a Neptune-sized planet around the star. Additionally, the fit to the data is
poorer here than in the planet-induced scenario. However, we expect the planet-
induced signal to be modulated primarily by harmonics of the orbital period of
the potential planet (7.4 days), whereas for the reconnection scenario, the emis-
sion would be modulated with the stellar rotation period (0.78 days). A more
stringent comparison of the two models therefore requires radio observations of
the star covering multiple planetary orbits. Nevertheless, these proxies illustrate
how the magnetospheric structure of the star may imprint itself in the resulting
radio emission. Again, in future adaptations of a model such as this, accounting
for the absorption and refraction of the generated emission may be necessary (see
Appendix D). We also note that there have recently been numerous arguments
made in the literature disfavouring a mechanism such as this in powering auro-
ral emission on Jupiter, which is the inspiration for this scenario (Bonfond et al.,
2020)). It is also worth mentioning that recent work has illustrated that incoherent
non-thermal radio emission from Jupiter’s radiation belt is in agreement with that
expected to be generated in the magnetospheres of hot B/A-type stars (Leto et al.,
20215 |(Owocki et al., [2022).

5.6 Discussion & Conclusions

5.6.1 Model limitations

One caveat to the application of our models to WX UMa is the time interval
between the observations used to reconstruct the stellar surface magnetic field and
the radio observations. Our stellar wind simulation presented in Section is
effectively a snapshot of the wind of the star in April 2006, which is the epoch
of the spectropolarimetric observations used by Morin et al.| (2010) to reconstruct
the surface field map implemented in our stellar wind model. The first LOFAR
observations of the star then occurred in July 2014. Within this time, the magnetic
field of the star could have evolved significantly. [Morin et al.| (2010)) also derived
a rotation period of 0.78 4+ 0.20 days for star from the 2006 observations. Fast-
forwarding to the start of the 2014 radio observations, the star had undergone
over 3,800 rotations. Propagating the error in rotation period, the error in the
stellar rotation phase in July 2014 is £99. As a result, there is a large uncertainty
in the true rotation phase of the star during the radio observations. In order to
mitigate this effect, near-simultaneous spectropolarimetric and radio observations
and higher precision stellar rotation periods are needed.

Another set of aspects which are not addressed in our model are propaga-
tion effects on the escaping radio emission. These are not limited to refraction
(Melrose & Dulk}, |1982; Trigilio et al.l |2011; Das et all |2020), dispersion and
scattering (Guedel & Zlobec, [1991)), reflections off of density boundary layers in
the corona (Melrose, |2006|), and gyroresonance absorption, which is thought to be
significant in the coronae of M dwarfs (Stepanov et al., [2001; [Vedantham), [2021)).
Low-frequency radio emission can also be readily absorbed via free-free absorption
(Rybicki & Lightmanl [1986; |Kavanagh & Vidotto, 2020)). In Appendix D, we show
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Figure 5.8: Comparison of the phase-folded radio observations of WX UMa at 144 MHz
(grey dots) to that produced from the magnetosphere using the density of free electrons
as the emission proxy (green line). The emission here is assumed to be generated in the
o-mode via fundamental ECMI. The vertical bars show the 1o errors associated with the
observed flux densities. We do not consider the stellar rotation phases for the dashed
part of the green line in our analysis, as there is no data available in this region. We also
overlay the line of sight magnetic field strength from [Morin et al|(2010) as blue diamonds.
These values seem to follow the modulation of the phase-folded radio lightcurve relatively
well between rotation phases 0.3 — 0.7.
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both the refractive indices of  and o-mode emission, as well as the optical depth
at 144 MHz. While self-consistently accounting for these processes is currently
beyond the scope of this paper, their inclusion is worth exploring in the future.

There are two other parameters in our model which we did not explore in
this work: the properties of the emission cone, and the conversion efficiency of
the Alfvén waves produced by the star-planet sub-Alfvénic interaction to radio
emission. These two parameters depend on the velocity of the accelerated elec-
trons, which in turn is dependent on the conversion of the Alfvén wave energy. As
this process of Alfvén wave generation via the sub-Alfvénic star-planet interaction
is not explicitly calculated in our stellar wind simulation, we cannot determine
appropriate values for these parameters in a self-consistent way.

5.6.2 Conclusions

In this paper, we presented a refined model for planet-induced radio emission from
low-mass stars, based on its initial form developed by [Kavanagh et al. (2021).
This model utilises the realistic information about the large-scale stellar magnetic
field and plasma environment that is provided by stellar wind simulations, and
accounts for both the beaming and polarisation of the radio emission, as well as
the respective stellar rotational and planetary orbital motion. To the best of our
knowledge, it is the first of its kind in the literature.

Applying our updated model to the M dwarf WX UMa, we have shown that a
Neptune-sized exoplanet with a magnetic field strength of 10 — 100 G orbiting the
star at ~ 0.034 au can accurately reproduce recent radio observations of the star at
144 MHz. If the recent observations are indeed of a star-planet interaction origin,
the signal with a strength of up to 2 mJy may be visible up to 26% of the time
at 144 MHz, with the emission ranging from 10 MHz up to 20 GHz, depending
on if the emission is generated at the fundamental or second harmonic of the
local cyclotron frequency. While transits of our putative planet are unlikely due
to the stellar inclination, the induced semi-amplitudes well within the detection
capabilities of current-generation spectrographs are possible. That being said, the
activity of the star may hinder such detections.

An interesting question arising from this work is how to distinguish between
a planet inducing fundamental vs. second harmonic ECMI emission, as both can
produce highly circularly polarised emission (Vedantham) [2021). Across the range
of 10 MHz—20 GHz, the morphology of the emission does not differ significantly,
however second harmonic emission is more prominent at higher frequencies by na-
ture. If a planet-induced radio signature was identified, multi-wavelength radio
observations would certainly aid disentangling the emission harmonic. In addition
to this, fundamental ECMI emission may be more susceptible to being attenuated
significantly as it propagates out of the system. As a result, detection may be more
favourable in the case of second harmonic emission. Melrose & Dulk| (1982) also
illustrated that for a relative cool (< 107 K) and rarefied plasma (< 3 x 10% cm™3),
emission at the second harmonic can escape more easily than fundamental emis-
sion, the latter of which being subjected to significant gyroresonance absorption
(see Appendix D).
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We also developed a model to explore an alternative proposed mechanism for
generating ECMI in magnetised low-mass stars. This mechanism relies on persis-
tent reconnection occurring at the edge of the stellar magnetosphere. We utilised
the information obtained from our wind simulation about the large-scale magnetic
field, and explored different emission proxies to mimic emission from the field lines
associated with this region. We found that assuming the emission scales with the
density of free electrons, we can reproduce the observed emission at 144 MHz to
an extent, albeit with a poorer fit to the data than in the planet-induced scenario.
However, we note here that there is no precedent for the associated scaling pre-
scriptions obtained in this analysis. Future work will be needed to provide more
realistically account for the energy available to power such mechanisms.

It is worth noting the differences between emission induced by a planet vs. that
generated in the reconnection scenario. Over many orbital periods of the planet,
there is a dominant periodicity at the fundamental and harmonics of the orbital
frequency. This signature would easily distinguish it from the alternative proposed
mechanism, which would show regular modulation with the stellar rotation period
(assuming the magnetic field does not evolve significantly). Distinguishing between
the two however would likely need a more extensive radio observing campaign.

To conclude, the planet-induced radio emission model presented here has fan-
tastic potential for application to current and upcoming radio observations, to be
used as a new tool to discover planets around nearby stars at radio wavelengths.
However, alternative scenarios such as reconnection at the edge of the magneto-
sphere should also be explored further. Future application of our planet-induced
model to radio observations of low-mass stars such as those presented by [Calling-
ham et al.| (2021)), as well as from upcoming developments such as the third phase
of the Owens Valley Long Wavelength Array (OVRO-LWA, Hallinan et al.l 2015))
and FARSIDE lunar array (Hallinan et al.| [2021)) will be of great use in guiding
follow-up observations using traditional exoplanet detection techniques.
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Figure 5.9: Profiles of the stellar wind density (top), electron temperature (middle),
and magnetic field strength (bottom) of WX UMa, in the zy, zz, and yz planes (left to
right). In the equatorial (zy) plane, we show the orbital distance (0.034 au) where a
potential Neptune-sized planet can reproduce the observed radio emission from the star
at 144 MHz through star-planet interactions. The z-axis is the rotation axis of the star.

Appendix A: Stellar wind plasma properties

In Figure we present profiles of the stellar wind density, electron temperature,

and magnetic field strength for each of the Cartesian planes in our model.

Appendix B: Power generated in sub-Alfvénic

star-planet interactions

The power generated via the interaction between the stellar magnetic field and a
planet in a sub-Alfvénic orbit is given by Equation (55) of [Saur et al.| (2013)) in SI
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units:

P = i—anﬁ(aMABw cos ©)%u,. (5.20)

0

Here g is the permeability of free space, « is the interaction strength, which is
~ 1 for M-dwarfs (Turnpenney et al., 2018), Ma = Au/uy is the Alfvénic Mach
number, and © is the angle between vector Au and the perpendicular component
of the vector By,. We write our Equation [5.8| in terms of 6, which is the angle
between the vectors Au and By,. Comparing to [Saur et al.| (2013), § = 7/2 — ©,
and so in Equation [5.20] we have cos ©® = sinf. Rewriting Equation [5.20] in CGS
units, we then have

1
P= §R2(MABW sin 0)%ua, (5.21)
and finally, expanding the factor Ma?/ua gives

P = 1'/2R? By, py, /2 Au? sin? 6. (5.22)

Appendix C: Dynamic radio spectrum of second
harmonic ECMI

Here, we show the dynamic radio spectrum induced by the planet that best-
reproduces the observed emission from WX UMa at 144 MHz, assuming it occurs
via second harmonic ECMI. Emission can be generated from 20 MHz to 20 GHz
for the field lines connecting to the orbit at 60.6 R, twice that of the dynamic
spectrum for fundamental emission shown in Figure [5.7] The slight differences in
morphology between the fundamental and harmonic dynamic spectra are due to
the different locations of the emitting points. The second harmonic dynamic radio
spectrum is shown in Figure [5.10)

Appendix D: Propagation effects at 144 MHz

As laid out in Section [5.6.1] there are propagation effects that are not taken into
account in our model, which may significantly alter the resulting observed emission
from WX UMa. Here, we compute both the refractive indices of o and z-mode
emission, as well as the optical depth of the stellar wind at 144 MHz. The square
of the refractive index for o/z-mode emission is (Melrose & Dulk, [1982):

XT

2 0,T
oz =1— ——= 5.23
Mo, Ty — Y cosa ( )

where
T,=-T,'=—(Z24+1)'/2 -2, (5.24)
Y sin?

g rsma (5.25)

2(1 - X)cosa’
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In Melrose & Dulk| (1982), the above expressions are given as functions of the an-
gle between the beam direction and the magnetic field. While in our analysis we
consider beam angles for a4+ A«/2, for brevity here we just compute the refractive
indices for a. In the case where the refractive indices are real, the emission will
deviate from its path as it propagates through the magnetosphere. However, if the
refractive indices are imaginary, the emission will become attenuated (Leto et al.,
2019). In Figure we show the values of n2 , in the three Cartesian planes of
the stellar wind. In general, x-mode emission is more likely to be absorbed as it
propagates outwards, and naturally being generated further from the star, second
harmonic ECMI can more readily escape. Regardless, Figure illustrates that
ECMI is likely to deviate from a straight line as it propagates outwards, passing
in and out of attenuating regions in the process. Models which self-consistently
account for these effects (e.g. Lo et al,2012; Leto et al., 2016} |Das et al., 2020)) cou-
pled with the planet-induced and reconnection models presented here are certainly
worth exploring in the future.

Thermal free-free absorption may also attenuate the emission as it escapes the
system. Here, we compute the free-free absorption of the stellar wind in the same
manner as O Fionnagiin et al. (2019a) and Kavanagh & Vidotto| (2020). The
absorption coefficient for free-free emission in CGS units is (Rybicki & Lightman)
1986)):

a, = 3.692 x 1082271203 n nig(1 — e /FT), (5.28)
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Here, Z is the ionisation fraction of the plasma, n, and n; are the electron and ion
number densities respectively, and g is the Gaunt factor, which at radio frequencies
is (Coxl, [2000)):

g =10.6 + 1.90log,,(T") — 1.261og,,(Zv). (5.29)

As the wind is composed of fully ionised hydrogen, with temperatures of 2 1 MK
(Figure , we set Z =1, and n, = n; = n. The optical depth at each emitting
point is the integral of the absorption coefficient along the line of sight z':

wol
TV:/ a,dx’, (5.30)

— 00

where z(’ is the coordinate of the emitting point along the line of sight. Numer-
ically, we replace the lower limit of the integral with max distance at which the
wind is dense enough to increase the optical depth significantly (at around 10 R,).
The optical depth then allows us to compute the factor the escaping emission is
attenuated by, which is e™™ (Kavanagh & Vidottol [2020)).

We compute the optical depth at the points along the stellar magnetic field
lines connecting to the orbit of the potential planet identified in Section [5.4.1] that
best-reproduces the LOFAR observations, accounting for the stellar inclination
and rotation. The results are shown in Figure [5.12] We find a varying level of
attenuation for emission during the three epochs, with fundamental ECMI being
absorbed on average by 51%. Again, second harmonic ECMI is less attenuated,
with 30% being absorbed on average. This is due to the emission being generated
further from the star, which results in lower optical depths along the line of sight.
These results clearly illustrate that accounting for free-free absorption, alongside
magnetoionic refraction/absorption, should be considered in the model in a self-
consistent way for future applications.
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Figure 5.11: Square of the magnetoionic refractive indices of o (top) and z-mode emission
(bottom) at 144 MHz of the wind of WX UMa. For a negative squared refractive index,
the refractive index is imaginary, and the emission can no longer escape without being
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Figure 5.12: The fraction of radio emission induced in WX UMa by a planet at ~ 0.034 au
that is absorbed due to free-free processes. Fundamental ECMI is more readily absorbed,
as the points generating emission at this mode are more deeply embedded in the stellar
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Summary

Low-mass main-sequence stars like our Sun are continuous sources of outflowing
hot magnetised plasma. In the case of the Sun, this is known as the solar wind,
whereas for other stars they are called stellar winds. These types of stars comprise
93% of all stars in our galaxy, and also host the bulk of all exoplanets discovered
to date. Therefore, understanding their wind outflows and how they interact with
the planets they host is crucial to assessing the long-term evolution of planetary
atmospheres, which in turn determines their potential to support life as we know
it. The interactions between stellar winds and planets can also produce signals
which could be detected with current-generation telescopes.

Current measurements of the winds of low-mass main-sequence stars are lim-
ited, and have only been successful in a handful of cases. However, by coupling
state-of-the-art magnetohydrodynamic (MHD) models of stellar winds with ob-
servational constraints, 3-dimensional snapshots of the wind environments around
planet-hosting stars can be obtained. In this thesis, I utilise such models to ex-
plore the winds of these stars, and predict the potentially-observable signatures
that may arise from their interactions with orbiting planets.

Finding exoplanets with radio telescopes

Analogous of what is observed for the magnetised planets in the solar system,
planets orbiting around other stars are expected to exhibit auroral emission at
their magnetic poles, particularly at radio wavelengths. Such emission is thought
to be generated via the interaction between the planet’s own magnetic field and
the wind of its host star. If detectable, the emission emanating from the planet’s
magnetic poles could provide a new window for discovering exoplanets.

The winds of low-mass main sequence stars are predominantly composed of hot
magnetised hydrogen, which can strongly absorb the low frequency radio emission
that exoplanets are thought to emit at. As a result, if the wind of the host star is
very dense, radio emission from the planet may be difficult to detect. Therefore,
understanding the stellar wind environment of planet-hosting stars is crucial to
determining if radio emission from planets can be detected from Earth.

From our understanding of the auroral emission of the solar system planets,
radio emission from exoplanets is expected to be stronger for those with larger radii
and smaller orbits. Coincidentally, such planets dominate the current population
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of known exoplanets. As their presence produces stronger signatures from their
host stars, they are more favourable for detection via traditional methods. These
planets are known as ‘hot Jupiters’, which are roughly the size of Jupiter and orbit
very close to their host stars.

HD189733b is a well-known hot Jupiter, which orbits its host star at about
3 percent of the distance between the Earth and the Sun. The host star is also
very active, and is likely to drive a wind that is much stronger in comparison to
the solar wind. As a result, HD189733b has been of particular interest in the
context of exoplanetary radio emission. Using a state-of-the-art 3-dimensional
magnetohydrodynamics code, in Chapter [2] I simulate the stellar wind of the host
star of HD189733b. This model is based on observationally-derived magnetic field
maps for the star, which are a key input for these models. I then use the results of
the stellar wind model to estimate the frequency and strength of the radio emission
for the planet.

The wind of the host star is expected to be quite dense, so it will absorb a
large fraction of the radio emission from HD189733b. In Chapter [2| I show that
this effect is least pronounced when the planet is near conjunction of the host star,
the point in its orbit where it is closest to the observer. The geometry of a planet
in conjunction is shown in Figure [l This result illustrates that detection of radio
emission from any exoplanet is most favourable when it is near conjunction, which
can be used to guide future observations in search of such emission. Outside of
conjunction, the exoplanet is said to be ‘eclipsed’ by the wind of its host star at
radio wavelengths, becoming undetectable.

Exoplanets as probes of stellar winds

(i) Radio eclipses of exoplanets

With the concept of radio eclipses of exoplanets established, the next question I
asked myself during this thesis was: how do the properties of the stellar wind and
geometry of the planetary orbit affect the duration and severity of the eclipse? If we
can determine this, we can in theory reverse-engineer observations of exoplanetary
radio emission to study the winds of planet-hosting stars.

The 3-dimensional numerical models utilised in Chapter [2] are computation-
ally expensive and time-consuming, and therefore their uses are generally limit to
specific cases. As a result, they are not well-suited for parametric studies such
as that described above. Simpler models that retain the key physical processes
however can be deployed for this. With this in mind, in Chapter [ I develop a
1-dimensional stellar wind model, which I then couple to another physical model
that describes the propagation and absorption of low-frequency radio emission
through stellar winds. This model is very fast and flexible, and provides the per-
centage of exoplanetary radio emission that escapes through the wind of the host
star as a function of time, for any set of stellar wind and orbital properties.

Using this model, in Chapter [3]I first illustrate the effects of the stellar wind
mass-loss rate and temperature on the duration of the radio eclipse. I find that
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Figure I: English: Sketch illustrating the geometry of an exoplanet’s orbit around its
host star, with an orbital distance a and inclination i. When the planet is closest to
the observer, it is said to be in ‘conjunction’. In Chapter 2} I show that such a scenario
provides the most favourable conditions for detecting exoplanets at radio wavelengths.
Note that in the case where d is less than the stellar radius R., the planet is said to
‘transit’ the star (neglecting the size of the planet itself), where it periodically blocks a
fraction of the starlight. Nederlands: Schets ter illustratie van de geometrie van de baan
van een exoplaneet rond zijn moederster, met een baanafstand a en inclinatie i. Wanneer
de planeet het dichtst bij de waarnemer is, wordt gezegd dat deze in ‘conjunctie’ is. In
Hoofdstuk [2] laat ik zien dat een dergelijk scenario de gunstigste omstandigheden biedt
voor het detecteren van exoplaneten op radiogolflengten. Merk op dat in het geval dat
d kleiner is dan de stellaire straal R., de planeet de ster ‘overgaat’ (waarbij de grootte
van de planeet zelf verwaarloosd wordt), waar hij periodiek een fractie van het sterlicht
blokkeert.
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stars with hot, low mass-loss rate winds present more favourable conditions for
detecting radio emission from their orbiting planets. In terms of the orbit of the
planet itself, transiting exoplanets experience the largest modulation to their radio
emission, being most visible during transit of the stellar disk. Additionally, planets
orbiting further from their host stars are more easily detected. I then apply the
model to the hot Jupiter host 7 Boo, showing that the stellar wind properties of
planet-hosting stars can be constrained by the morphology of the radio eclipse.
Specifically, the duration of time where a specific fraction of the exoplanetary
radio emission escapes the system can be directly linked to a combination of stellar
wind temperature and mass-loss rate. This provides a potential new method for
estimating the properties of the winds of planet-hosting stars, which so far has
only been successful in a handful of cases.

(ii) Magnetic star-planet interactions

Exoplanetary radio emission is not the only avenue for studying the winds of
low-mass stars, nor is it the only type of radio emission thought to occur due to
the presence of planets. Another mechanism that is thought to generate bright
radio emission in exoplanetary systems is via the perturbation of the star’s own
magnetic field due to the motion of the planet, generally referred to as magnetic
star-planet interactions (for details see Section . A key distinction between
this and exoplanetary radio emission is that the emission occurs near/on the star
itself, as opposed to on the planet. Another thing of note is that the emission is
thought to occur at higher frequencies compared to that expected for exoplanets, as
these stars can harbour surface magnetic fields that are three orders of magnitude
larger than what is seen on the Sun. This is a proposed explanation for the lack of
conclusive detections of exoplanetary radio emission, in that it may be generated
at a frequency that is too low to penetrate the Earth’s atmosphere.

Around all magnetised stars exists a region known as the Alfvén surface, inside
which magnetic forces dominate over thermal forces in the solar wind plasma.
Inside the Alfvén surface, radio emission can be generated near the star via the
perturbation of the star’s magnetic field by an orbiting planet. M dwarf stars are of
particular interest in this regard, in that they exhibit very strong surface magnetic
fields, which are likely to result in large Alfvén surfaces that can enclose a wide
range of planetary orbits. Additionally, stars with low stellar wind mass-loss rates
tend to have large Alfvén surfaces. For an illustrative sketch, see Figure [[I}

The two nearby M dwarfs Proxima Centauri (Prox Cen) and AU Microscopii
(AU Mic) present potentially suitable conditions for magnetic star-planet inter-
actions to occur. Both stars exhibit strong magnetic fields at their surfaces, and
are hosts to multiple confirmed planets. In the case of Prox Cen, recent radio
observations may be indicative of that such interactions occurring. In order to
assess the viability for magnetic star-planet interactions occurring on these stars,
knowing the location of their Alfvén surfaces relative to the planetary orbits is key.

To determine the location of the Alfvén surfaces of Prox Cen and AU Mic, in
Chapter [ T utilise magnetohydrodynamic models similar to those used in Chap-
ter 2 to obtain 3-dimensional snapshots of their stellar wind environments. These



Summary 119

planet outside the Alfvén surface planet inside the Alfvén surface
(planeet buiten het Alfvén opperviak) (planeet binnen het Alfvén opperviak)

Alfvén surface
(Alfvén opperviak) —  .-==7"7= e .
N .

[ field line
(veldljn)

planet - -
(planeet)

weak magnetic field/high mass-loss rate strong magnetic field/low mass-loss rate
(zwak magnetisch veld/hoge massaverliessnelheid) (krachtig magnetisch veld/lage massaverliessnelheid)

Figure II: English: Sketch illustrating the conditions for magnetic star-planet interactions
to occur. If the star has a weak magnetic field or a high stellar wind mass-loss rate, plan-
ets are unlikely to orbit inside the Alfvén surface (left panel). However, in the case where
the host star has a strong magnetic field or low stellar wind mass-loss rate, the Alfvén
surface becomes very large, potentially enclosing a wide range of planetary orbits (right
panel). When inside the Alfvén surface, the planet can induce the generation of strong
radio emission along the magnetic field line that connects it to the star. Nederlands:
Schets die de voorwaarden illustreert voor het optreden van magnetische ster-planeet-
interacties. Als de ster een zwak magnetisch veld heeft of een hoge massaverliessnelheid,
is het onwaarschijnlijk dat planeten binnen het Alfvén-oppervlak (linker paneel) draaien.
In het geval dat de moederster echter een sterk magnetisch veld heeft of een lage mas-
saverliessnelheid door stellaire wind, wordt het Alfvén-oppervlak erg groot en kan het een
breed scala aan planetaire banen insluiten (rechterpaneel). Als de planeet zich binnen
het Alfvén-oppervlak bevindt, kan ze sterke radiostraling opwekken langs de magnetische
veldlijn die haar met de ster verbindt.

models were constrained using observational data, and the wind properties ob-
tained from them allow for the location of the Alfvén surface to be determined. In
the case of Prox Cen, which has an estimated upper-limit for its mass-loss rate,
I show that magnetic star-planet interactions are unlikely to occur. For AU Mic
however, its mass-loss rate is relatively unconstrained. By varying its mass-loss
rate, I illustrate that there is a certain value which places both known planets
inside the Alfvén surface. Therefore, if signatures of magnetic star-planet inter-
actions are detected from AU Mic, an upper limit can be placed on its mass-loss
rate. This illustrates that the winds of stars can be studied from the detection of
magnetic star-planet interactions, complementing the results of Chapter
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New methods for identifying potential
planet-hosting stars

It is clear that known exoplanetary systems can be studied with using sophisticated
magnetohydrodynamic models to assess if different types of star-planet interactions
can occur. However, in the case where a signature of such interactions is detected
from a star with no known exoplanets, how do we determine if it is of a planetary
origin? This is challenging for very active stars. Particularly in the case of smaller
planets, the types of signals they induce on the star which are traditionally used to
find exoplanets are drowned out by the stellar activity. Therefore, new theoretical
models are needed to interpret such signatures, particularly at radio wavelengths.

Recent wide-field radio surveys have begun to detect potential hints of magnetic
star-planet interactions from M dwarfs in the Northern sky. So far, none of these
stars are confirmed to host any planets. However, WX UMa, a star in the sample
of M dwarfs detected at radio wavelengths, has previously had its surface magnetic
field mapped. Therefore, a realistic stellar wind environment can be constructed
for the star, which in turn allows us to determine the size of its Alfvén surface.

In Chapter [5] I first present a stellar wind model obtained for WX UMa based
on its previously-published magnetic field map. I then develop a model that is the
first of its kind, which predicts the morphology of the radio emission generated
from the star via magnetic interactions with an orbiting planet. Applying the
model to WX UMa, I illustrate with this model that its observed emission is best-
reproduced by a Neptune-sized planet orbiting the star around every 7 days. While
alternative emission mechanisms cannot currently be ruled out for WX UMa, its
application exhibits its exciting potential for identifying planet-host candidates
from upcoming radio observations.
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Samenvatting (Dutch summary)

Lichte hoofdreekssterren zoals onze Zon, zijn bronnen van continue uitstromend
heet gemagnetiseerd plasma. In het geval van de Zon staat dit bekend als de zon-
newind, terwijl het voor andere sterren sterrenwinden worden genoemd. Dit soort
sterren omvat 93% van alle sterren in onze Melkweg, en herbergt ook het groot-
ste deel van de exoplaneten die tot nu toe zijn ontdekt. Daarom is het cruciaal
om inzicht te krijgen in hun sterrenwind en hoe ze omgaan met de planeten die
ze huisvesten om de langetermijnevolutie van planetaire atmosferen te beoorde-
len, wat op zijn beurt hun potentieel bepaalt om leven zoals wij dat kennen te
ondersteunen. De interacties tussen stellaire winden en planeten kunnen ook sig-
nalen produceren die kunnen worden gedetecteerd met telescopen van de huidige
generatie.

De huidige metingen van de wind van lichte hoofdreekssterren zijn beperkt
en zijn slechts in een handvol gevallen succesvol geweest. Echter, door moderne
magnetohydrodynamische (MHD) modellen van sterrenwinden te koppelen aan
observatiebeperkingen, kunnen driedimensionale snapshots van de windomgevin-
gen rond sterren met planeten worden verkregen. In dit proefschrift gebruik ik
dergelijke modellen om de winden van deze sterren te onderzoeken en de potentieel
waarneembare kenmerken te voorspellen die kunnen ontstaan door hun interacties
met hun planeten.

Exoplaneten vinden met radiotelescopen

Analoog aan wat wordt waargenomen voor de gemagnetiseerde planeten in het
zonnestelsel, wordt verwacht dat planeten die rond andere sterren draaien, pool-
lichtstraling vertonen aan hun magnetische polen, vooral bij radiogolflengten. Men
denkt dat dergelijke emissie wordt gegenereerd via de interactie tussen het eigen
magnetische veld van de planeet en de wind van zijn moederster. Indien detecteer-
baar, zou de emissie afkomstig van de magnetische polen van de planeet een nieuw
venster kunnen bieden voor het ontdekken van exoplaneten.

De winden van lichte hoofdreekssterren bestaan voornamelijk uit heet gemagne-
tiseerd waterstof, die de laagfrequente radio-emissie die exoplaneten zouden uitzen-
den sterk kan absorberen. Als gevolg hiervan, als de wind van de gastster erg dicht
is, kan radio-emissie van de planeet moeilijk te detecteren zijn. Daarom is het van
cruciaal belang om de stellaire windomgeving van planeet herbergende sterren te
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begrijpen om te bepalen of radio-emissie van planeten vanaf de Aarde kan worden
gedetecteerd.

Op basis van ons begrip van de poollichtemissie van de planeten binnen ons
zonnestelsel, wordt verwacht dat de radio-emissie sterker zal zijn voor exoplaneten
met grotere diameters en kleinere banen. Toevallig domineren dergelijke plan-
eten de huidige populatie van bekende exoplaneten. Omdat hun aanwezigheid
sterkere kenmerken van hun moedersterren produceert, zijn ze gunstiger voor de-
tectie via traditionele methoden. Deze planeten staan bekend als ‘hete Jupiters’,
die ongeveer zo groot zijn als Jupiter en heel dicht om hun moedersterren draaien.

HD189733b is een bekende hete Jupiter, die om zijn moederster draait op
ongeveer 3 procent van de afstand tussen de Aarde en de Zon. De gastster is
ook erg actief en drijft waarschijnlijk een wind aan die heel sterk is in vergeli-
jking met de zonnewind. Als gevolg hiervan is HD189733b van bijzonder belang
geweest in de context van exoplanetaire radio-emissie. Met behulp van een mod-
erne 3-dimensionale magnetohydrodynamische code, simuleer ik in Hoofdstuk [2]
de stellaire wind van de moederster van HD189733b. Dit model is gebaseerd op
van waarnemingen afgeleide magnetische veldkaarten voor de ster, die een belan-
grijke input vormen voor deze modellen. Vervolgens gebruik ik de resultaten van
het stellaire windmodel om de frequentie en sterkte van de radio-emissie van de
planeet te schatten.

De wind van de gastster is naar verwachting behoorlijk dicht, dus het zal een
groot deel van de radio-emissie van HD189733b absorberen. In Hoofdstuk [2] laat
ik zien dat dit effect het minst uitgesproken is wanneer de planeet zich in de
buurt van de conjunctie van de moederster bevindt, het punt in zijn baan waar
hij zich het dichtst bij de waarnemer bevindt. De geometrie van een planeet in
conjunctie wordt getoond in Figuur [l Dit resultaat illustreert dat detectie van
radio-emissie van een exoplaneet het gunstigst is wanneer deze nabij conjunctie is,
wat kan worden gebruikt als leidraad voor toekomstige waarnemingen op zoek naar
dergelijke emissie. Buiten de conjunctie zou de exoplaneet ‘verduisterd’” worden
door de wind van zijn moederster op radiogolflengten en ondetecteerbaar worden,
dit wordt ook wel een eclips genoemd.

Exoplaneten als sondes van stellaire winden

(i) Radioeclipsen van exoplaneten

Met het concept van radioeclipsen van exoplaneten vastgesteld, was de volgende
vraag die ik mezelf tijdens dit proefschrift stelde: hoe beinvloeden de eigenschap-
pen van de stellaire wind en de geometrie van de planetaire baan de duur en ernst
van de eclips? Als we dit kunnen bepalen, kunnen we in theorie waarnemingen
van exoplanetaire radiostraling terugleiden om de winden van sterren die planeten
herbergen te bestuderen.

De driedimensionale numerieke modellen die in Hoofdstuk [2] worden gebruikt,
zijn rekenkundig duur en tijdrovend, en daarom is hun gebruik over het alge-
meen beperkt tot specifieke gevallen. Als gevolg hiervan zijn ze niet erg geschikt
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voor parametrische studies zoals hierboven beschreven. Hiervoor kunnen echter
eenvoudiger modellen worden ingezet die de belangrijkste fysieke processen be-
houden. Met dit in gedachten ontwikkel ik in Hoofdstuk [3| een 1-dimensionaal
stellair windmodel, dat ik vervolgens koppel aan een ander fysiek model dat de
voortplanting en absorptie van laagfrequente radio-emissie door stellaire winden
beschrijft. Dit model is erg snel en flexibel en levert het percentage exoplanetaire
radiostraling dat ontsnapt door de wind van de gastster als functie van de tijd,
voor elke set van stellaire wind- en baaneigenschappen.

Met behulp van dit model illustreer ik in Hoofdstuk [3] eerst de effecten van
de snelheid van massaverlies en de temperatuur van de stellaire wind op de duur
van de radioverduistering. Ik vind dat sterren met hete winden een lage snelheid
van massaverlies gunstigere omstandigheden bieden voor het detecteren van radio-
emissie van hun planeten. In termen van de baan van de planeet zelf ervaren
transiterende exoplaneten de grootste modulatie van hun radio-emissie, en zijn ze
het meest zichtbaar tijdens de overgang van de stellaire schijf. Bovendien worden
planeten die verder van hun moedersterren draaien gemakkelijker gedetecteerd.
Vervolgens pas ik het model toe op de hete Jupiter-gastheer 7 Boo, wat aantoont
dat de eigenschappen van de stellaire wind van sterren die planeten herbergen
kunnen worden beperkt door de morfologie van de radio eclips. Met name de
tijdsduur waarin een specifieke fractie van de exoplanetaire radio-emissie aan het
systeem ontsnapt, kan direct worden gekoppeld aan een combinatie van stellaire
windtemperatuur en de snelheid van massaverlies. Dit biedt een potentieel nieuwe
methode voor het schatten van de eigenschappen van de winden van sterren die
planeten herbergen, die tot nu toe slechts in een handvol gevallen succesvol zijn
geweest.

(ii) Magnetische ster-planeet interacties

Exoplanetaire radio-emissie is niet de enige manier om de winden van sterren
met een lage massa te bestuderen, en het is ook niet het enige type radio-emissie
waarvan wordt aangenomen dat het optreedt als gevolg van de aanwezigheid van
planeten. Een ander mechanisme waarvan wordt gedacht dat het heldere radio-
emissie genereert in exoplanetaire systemen, is via de verstoring van het eigen
magnetische veld van de ster als gevolg van de beweging van de planeet, in het
algemeen magnetische ster-planeet interacties genoemd (zie voor details Paragraaf
1.5). Een belangrijk onderscheid tussen deze en exoplanetaire radio-emissie is dat
de emissie dichtbij/op de ster zelf plaatsvindt, in tegenstelling tot op de planeet.
Tets anders wat opvalt, is dat men denkt dat de emissie plaatsvindt bij hogere fre-
quenties in vergelijking met de frequenties die worden verwacht voor exoplaneten,
aangezien deze sterren magnetische velden aan het oppervlak kunnen bevatten
die drie orden van grootte sterker zijn dan wat op de Zon wordt waargenomen.
Dit is een voorgestelde verklaring voor het ontbreken van sluitende detecties van
exoplanetaire radio-emissie, in die zin dat het een te lage frequentie heeft om de
atmosfeer van de Aarde binnen te dringen.

Rond alle gemagnetiseerde sterren bestaat een gebied dat bekend staat als het
Alfv’en-oppervlak, waarbinnen magnetische krachten domineren over thermische
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krachten in het zonnewindplasma. Binnen het Alfvén-oppervlak kan radio-emissie
worden gegenereerd in de buurt van de ster via de verstoring van het magnetische
veld van de ster door een in een baan om de ster draaiende planeet. M dwerg-
sterren zijn in dit opzicht van bijzonder belang, omdat ze zeer sterke magnetis-
che velden aan het oppervlak vertonen, wat waarschijnlijk zal resulteren in grote
Alfv’en-oppervlakken die een breed scala aan planetaire banen kunnen omsluiten.
Bovendien hebben sterren met lage een lage snelheid van massaverlies grote Alfvén-
oppervlakken. Voor een illustratieve schets, zie Figuur [[I}

De twee nabijgelegen M dwergen Proxima Centauri (Prox Cen) en AU Micro-
scopii (AU Mic) bieden potentieel geschikte omstandigheden voor het optreden
van magnetische ster-planeet interacties. Beide sterren vertonen sterke magnetis-
che velden aan hun oppervlak en zijn gastheren van meerdere bevestigde plan-
eten. In het geval van Prox Cen kunnen recente radiowaarnemingen erop wijzen
dat dergelijke interacties plaatsvinden. Om de levensvatbaarheid van magnetische
ster-planeet interacties op deze sterren te beoordelen, is het essentieel om de locatie
van hun Alfvén-oppervlakken ten opzichte van de planetaire banen te kennen.

Om de locatie van de Alfvén-oppervlakken van Prox Cen en AU Mic te bepalen,
gebruik ik in Hoofdstuk [4] magnetohydrodynamische modellen die vergelijkbaar
zijn met die gebruikt in Hoofdstuk [2] om 3-dimensionale snapshots van hun stel-
laire windomgevingen te verkrijgen. Deze modellen werden beperkt met behulp
van waarnemingsgegevens en de daaruit verkregen windeigenschappen maken het
mogelijk om de locatie van het Alfvén-oppervlak te bepalen. In het geval van
Prox Cen, dat een geschatte bovengrens heeft voor zijn snelheid van massaverlies,
laat ik zien dat magnetische ster-planeet interacties onwaarschijnlijk zijn. Voor
AU Mic is de snelheid van massaverlies echter relatief onbekend. Door de snelheid
van massaverlies te variéren, illustreer ik dat er een bepaalde waarde is die beide
bekende planeten binnen het Alfvén-oppervlak plaatst. Daarom, als handtekenin-
gen van magnetische ster-planeet interacties worden gedetecteerd van AU Mic, kan
er een bovengrens worden gesteld aan de snelheid van massaverlies. Dit illustreert
dat de winden van sterren kunnen worden bestudeerd aan de hand van de detec-
tie van magnetische ster-planeet interacties, als aanvulling op de resultaten van
Hoofdstuk [3

Nieuwe methoden voor het identificeren van
potentiéle sterren op de planeet

Het is duidelijk dat bekende exoplanetaire systemen kunnen worden bestudeerd
met behulp van geavanceerde magnetohydrodynamische modellen om te beoorde-
len of verschillende soorten ster-planeet interacties kunnen optreden. In het geval
dat een signatuur van dergelijke interacties wordt gedetecteerd van een ster zonder
bekende exoplaneten, hoe bepalen we dan of deze van een planetaire oorsprong is?
Dit is een uitdaging voor zeer actieve sterren. Vooral in het geval van kleinere
planeten worden de soorten signalen die ze op de ster induceren en die tradition-
eel worden gebruikt om exoplaneten te vinden, overstemd door de stellaire ac-
tiviteit. Om deze reden zijn er nieuwe theoretische modellen nodig om dergelijke
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handtekeningen te interpreteren, vooral bij radiogolflengten.

Recente radio onderzoeken met een breed gezichtsveld zijn begonnen met het
detecteren van mogelijke hints van magnetische ster-planeet interacties van M dw-
ergen aan de noordelijke hemel. Tot nu toe is van geen van deze sterren bevestigd
dat ze planeten herbergen. Voor WX UMa, een ster in de steekproef van M dwer-
gen die op radiogolflengten is gedetecteerd, is echter eerder het magnetische veld
aan het oppervlak in kaart gebracht. Daarom kan een realistische stellaire win-
domgeving voor de ster worden geconstrueerd, wat ons op zijn beurt in staat stelt
de grootte van zijn Alfvén-oppervlak te bepalen.

In Hoofdstuk [5] presenteer ik eerst een stellair windmodel dat voor WX UMa
is verkregen op basis van zijn eerder gepubliceerde magnetische veldkaart. Vervol-
gens ontwikkel ik een model, het eerste in zijn soort, dat de morfologie voorspelt
van de radio-emissie die door de ster wordt gegenereerd via magnetische interac-
ties met een planeet. Door het model toe te passen op WX UMa, illustreer ik met
dit model dat de waargenomen emissie het best wordt gereproduceerd door een
planeet ter grootte van Neptunus die elke 7 dagen rond de ster draait. Hoewel
alternatieve emissiemechanismen momenteel niet kunnen worden uitgesloten voor
WX UMa, toont de toepassing ervan zijn veelbelovende potentieel voor het iden-
tificeren van kandidaat moedersterren van planeten aan de hand van komende
radiowaarnemingen.
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world of physics and astronomy through TV documentaries, with Brian Cox being
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After finishing school in 2014, T was lucky enough to be admitted into the Sci-
ence course at Trinity College Dublin (TCD), Ireland, with Mathematics, Physics,
and Chemistry being the three areas I initially did my studies in. I quickly dis-
covered that the life of a chemist was not for me, so the area I would graduate
in was down to either Physics or Physics & Astrophysics. Towards the end of my
second year of studies at TCD, I came across a press release for some work that
Aline Vidotto was involved in, who at the time had just started a job there as an
assistant professor. This work focussed on the stellar wind environment around a
young and active analogue of the Sun known as x' Ceti, and how it might affect an
orbiting planet around the star. I was really fascinated by this, with the concept
of interactions between stellar winds and exoplanets being completely new to me.
So, I decided to reach out to her and see if it would be possible to gain some
experience in her area of expertise.

After chatting with Aline, she agreed to take me on as a summer student
in 2016. With her, I carried out my first real stint of astrophysical research,
studying the effects of a massive Jupiter-like exoplanet on the magnetic cycles of
another Sun-like star called 7 Boo. This really cemented the decision for me to
pursue astrophysics as a more long-term thing, and I went on to choose Physics
& Astrophysics as my graduating degree. During the rest of my undergraduate, I
carried out further research in the area of massive stars, which included an amazing
trip to the European Southern Observatory’s Very Large Telescope in the Atacama
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By the time I was in the final year of my undergraduate, I was set on the area
of interactions between stars and planets as being the primary area I wanted to go
in to. Aline and I wrote a funding proposal for a PhD project in this area, which
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I had the privilege of being awarded by the Irish Research Council. I started my
PhD at TCD with Aline just after receiving my bachelor’s degree in 2018. The
main focus of my PhD was on modelling the stellar wind environments of planet-
hosting stars, and developing models to tell us if and when star-planet interactions
can occur. During my PhD, I developed a particular interest in predicting and
interpreting signals of these interactions at radio wavelengths. My work has been
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the Netherlands, and I was given the option to move there to complete the final
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find a nicer place to live.

After my PhD, I will be staying in the Netherlands for at least the next few
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for Radio Astronomy (ASTRON) in the group of Harish Vedantham. His team
are at the forefront of leading observations in search of star-planet interactions in
the radio regime. At ASTRON, I will continue to use and improve the theoretical
models I developed in my PhD, both applying them to and guiding observations.
I will also expand this work into radio emission from exoplanets themselves, as
well as brown dwarfs.
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