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Abstract

Stellar magnetic fields drive a wide range of energetic phenomena, which have a
crucial influence on their properties, evolution, and environment. In this thesis,
we investigate the low-frequency radio emission from active low-mass stars. We
harness this emission to constrain magnetospheric properties and processes arising
from different magnetic activity paradigms. In Chapter 2, we present low-frequency
observations of a sample of ultra-cool dwarfs. We show that while most ultra-cool
dwarfs do not produce low-frequency emission, their magnetospheric properties can
be constrained with measurements of the optically-thick side of the quiescent spec-
tral energy distribution. In Chapter 3, we present Australian Square Kilometre
Array Pathfinder (ASKAP) observations of the prototypical flare star, UV Ceti.
Our observations reveal the presence of periodic, elliptically polarised radio pulses,
confirming that large auroral current systems can be produced in the magneto-
spheres of active M-dwarfs. In Chapter 4, we present results from one night of
an 11-night multi-wavelength campaign targeting the nearest stellar neighbour, and
magnetically-active planet host, Proxima Centauri. We detected a powerful flare
with optical photometric and spectroscopic facilities, accompanied by a solar-like
type IV radio burst. By analogy with the solar radio burst paradigm, we suggest
that this event indicates a coronal mass ejection leaving the corona, and ongoing
electron acceleration associated with a post-eruptive loop arcade.

Together, the results presented in this thesis show the diverse forms of magnetic
activity exhibited by low-mass stars. We have shown that low-frequency radio ob-
servations are sensitive to both auroral and solar-like activity. Future low-frequency
radio surveys and multi-wavelength observations may reveal the role of stellar prop-
erties such as rotation, mass, and age, in driving these different forms of magnetic
activity.
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Chapter 1

Introduction

1.1 Stellar and planetary magnetic fields

On September 1 1859, during routine solar observations, R. C. Carrington observed
two “intensely bright and white patches of light” appear close to a large group of
sunspots (Carrington, 1859). This was followed approximately 18 hours later by an
intense geomagnetic storm which has now come to be known as the Carrington event,
where strong aurorae appeared up to equatorial latitudes, and strong fluctuations
in the terrestrial magnetic field were recorded. Though the phenomenon was not
understood at the time, Carrington’s observations were the first recordings of a
solar flare and coronal mass ejection event, and illustrated the significant influence
of solar magnetic activity on the Sun and throughout the solar system. Despite
the close temporal correspondence between the flare and subsequent geomagnetic
storm, the connection between them was not confirmed until several decades later
Bartels (1937), following work linking solar activity and geomagnetic activity by
Hale (1931).

The solar magnetic field was first discovered by Hale (1908), and was a crucial step
toward revealing the link between solar and geomagnetic activity. Beyond the Sun,
a broad range of stars are now known to possess magnetic fields, from the coolest
brown dwarfs to massive O-type stars, along with evolved giant stars, and stellar
remnants such as white dwarfs and neutron stars. Along with stars, solar system
planets such as Earth, Jupiter, and Saturn possess magnetic fields which drive auro-
ral current systems. The same is expected to be true for exoplanets (Zarka, 2007),
although exoplanetary magnetic fields have yet to be detected. Magnetic fields play
a key role in many aspects around these bodies, such as their formation, mass loss,
angular momentum evolution, interaction with companions, and for processes within
the magnetosphere.

In the following sections, we discuss the generation of magnetic fields, various
manifestations of magnetic activity, and important phenomena which are influenced
or driven by magnetic activity in low-mass stars.
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Figure 1.1: Illustration of the flare observed by Carrington (1859) and Hodgson
(1859). Bright features, labelled A and B rapidly evolved towards their positions
labelled at C and D, where their intensity had greatly declined. The shaded fea-
tures indicate the structure of a large group of sunspots where the flare originated.
Figure from Carrington (1859).

1.1.1 Generation of magnetic fields in low-mass stars

The solar magnetic field is thought to be generated in the region between the ra-
diative core and the convective envelope, called the tachocline (Ossendrijver, 2003).
The radiative core rotates as a solid body, while the convective envelope exhibits
differential rotation, with relatively fast angular velocity near the equator, and slow
angular velocity near the poles (Thompson et al., 1996). The interface between
these regions is therefore subject to strong and variable shear forces, and gives rise
to toroidal structure in the magnetic field from the initially poloidal field generated
inside the convective zone (the Q-effect; Ossendrijver, 2003). Magnetic buoyancy in-
stabilities may cause these toroidal field components to rise through the convective
envelope, where they may emerge from the surface and appear as sunspots, or be
shredded by turbulent convective motion and restored to a poloidal field (a-effect).
The sequence of the Q-effect followed by the a-effect repeats cyclically, and so this
dynamo process is known as the a-{2 dynamo.

Stars of mass lower than about 0.35 Mg, (spectral type ~M3) do not possess a
radiative core. Instead, their interior is fully convective, meaning that their interior
consists only of a convective layer extending from the centre through to the surface
(Chabrier & Baraffe, 1997). The lack of a radiative core with solid-body rotation
in the stellar interior means that the a-{) dynamo mechanism invoked to explain
the solar magnetic field cannot operate in these stars. Early numerical simulations
suggested that fully-convective stellar interiors should only produce weak, complex
magnetic fields (Durney et al., 1993) as opposed to large-scale fields such as the
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Sun’s. Later work supported the suggestion of a weak or non-existent dipole field
component (Shulyak et al., 2015; Browning, 2008; Chabrier & Kiiker, 2006; Kiiker
& Riidiger, 1999). However, observations have shown that fully-convective low-mass
stars can possess strong magnetic fields at both small and large scales (Reiners &
Basri, 2009), which are predominantly poloidal in nature (Morin et al., 2010, 2008;
Donati et al., 2006). In addition, fully convective stars exhibit high levels of activity
as traced through X-ray and H o« emissions (West et al., 2004; Mohanty & Basri,
2003, e.g.). These observations conflicted with early expectations of fully-convective
dynamos (Durney et al., 1993), but more recent simulations have been able to explain
some key features such as strong magnetic fields (Christensen et al., 2009), presence
of small and large scale fields (Yadav et al., 2015), and magnetic cycles similar to the
solar cycle (Yadav et al., 2016). However, low-mass binaries where both members
have similar masses, age, and rotation rate often exhibit distinct magnetic properties
—e.g. L726—8AB (a.k.a. BL-UV Ceti) (Kochukhov & Lavail, 2017), NLTT 33370
(a.k.a. 2MASS J1314+1320) (Williams et al., 2015a; McLean et al., 2011), and
Ross 867-8 Quiroga-Nuiniez et al., 2020. This suggests that current understanding of
fully convective dynamos may be incomplete.

1.1.2 Manifestations of stellar magnetic activity

The generation of magnetic fields by dynamo processes leads to a wide range of
phenomena in stellar photospheres and atmospheres. These phenomena can be
probed by several methods, which reveal important information about the magnetic
field and the activity it drives.

Flares

Flares are sudden, intense brightenings of a star, caused by an explosive release
of magnetic energy within its atmosphere. The brightening can occur across the
electromagnetic spectrum, from radio frequencies of a few gigahertz up to high-
energy X-rays. The first flare observed on the Sun was the so-called Carrington
flare, described in Section 1.1 (Carrington, 1859; Hodgson, 1859), and to this day our
understanding of these events is primarily formed through solar observations. Flares
are typically composed of a pre-flare, impulsive, and a gradual phase. The pre-flare
phase is marked by low levels of activity in X-rays and extreme ultraviolet prior to
any explosive energy release. The primary release of magnetic energy occurs in the
impulsive phase, when the corona, chromosphere and photosphere are bombarded
by high-energy particles. At this stage, the energy is directed into plasma heating,
particle acceleration, and outflows. Observationally, the impulsive phase is marked
by rapidly-increasing and bursty, intense emissions in optical, ultraviolet, and X-
rays. In the gradual phase, the intensity slowly decreases as the injected energy
decays via radiative and thermal processes.

The mechanism(s) which drive flares are still poorly understood (e.g. Benz, 2017).
However, there is general consensus that the gradual motions of magnetic fields
within the corona leads to a build-up of energy as the magnetic fields become twisted,
followed by magnetic reconnection. This phenomenon involves the interaction of
oppositely-directed magnetic field lines as they approach one another, leading to
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Figure 1.2: Two-dimensional schematic of magnetic reconnection. When
oppositely-directed magnetic field lines interact, they drive oppositely-directed
current sheets which become increasingly thin, causing an increasing current den-
sity. Eventually, there is an impulsive release of energy and the magnetic field
reconfigures. Magnetic field lines, originally directed from A to B and D to C,
reconfigure to connect A to C and D to B. Figure from Benz & Giidel (2010).

an explosive release of energy as plasma is freed and accelerated, and the magnetic
fields restructure into a lower-energy configuration (e.g. Yamada et al., 2010). A
simplified illustration of magnetic reconnection is shown in Figure 1.2.

A successful model for explaining many features commonly observed in solar flares
is the CSHKP model (named after the its primary contributors: Carmichael, 1964;
Sturrock, 1966; Hirayama, 1974; Kopp & Pneuman, 1976). A schematic cartoon of
this model is shown in Figure 1.3. In this model, reconnection occurs at the cusp
of magnetic loops in the solar (or stellar) corona. Electrons are accelerated both
toward and away from the surface. Those that move toward the surface may radiate
non-thermal gyrosynchrotron radiation as the electrons spiral around magnetic field
lines (see Section 1.3.3). The high-energy electrons impact the chromosphere, pro-
ducing hard X-ray emissions, and energising the chromospheric plasma, resulting in
enhancements of chromospheric emission lines (e.g. Hea, Call H & K). Chromo-
spheric material is heated and expands into the corona, where it radiates thermally
in soft X-rays. This is known as chromospheric evaporation, and is the underlying
principle behind an observational phenomenon called the Neupert effect (Neupert,
1968). This effect relates the time integral of the radio luminosity to the soft X-ray
luminosity:

/t LR(t/)dt, X Lx(t) . (11)
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Physically, this effect arises because the
radio emission traces energy deposition
by high-velocity electrons into the chro-
—A mosphere, and the soft X-ray emission
Radiation traces energy released from the chro-
Aceelerated mosphere (via thermal processes) after

energisation by electrons accelerated by
the reconnection event. The operation

Electrons
Non-thermal

Electrons Flare Energy

Release \

Evaporation

Magnetic Loop

= f:x of the Neupert effect has been observed
hii;mm‘l;n Rays ln bOth SOlaI“ and Stellar ﬂares Benz &

Chromosphere

Gidel (2010); Giidel et al. (2004); Den-
Figure 1.3: Simplified cartoon schematic of 1is & Zarro (1993). An illustration of
the CSHKP flare model, from Lang (2006). the Neupert effect is shown in Figure
Flare energy is converted into radiation and 1.4.
acceleration of non-thermal electrons, which The first stellar flares were reported
produce non-thermal gyrosynchrotron radio by van Maanen (1940) and Luyten
emission. The accelerated particles impact (1949), and stars across the HR diagram
and heat the chromospheric material, which 416 now known to exhibit flares (Pet-
evaporates, leading to thermal soft X-ray tersen, 1989). Compared to the solar
emission. Image credit: Lang (2006). counterparts, stellar flares (particularly
from active M-dwarfs) are capable of re-
leasing much more energy, and are also capable of lasting longer than solar coun-
terparts (Benz & Giidel, 2010). However, stellar flares also exhibit many important
similarities with solar flares (Haisch et al., 1991), such as temporal morphology in op-
tical light-curves, and the observation of the Neupert effect occurring in association
with stellar flares (e.g. Hawley et al., 1995; Guedel et al., 1996; Giidel et al., 2002a).
Steady H o and soft X-ray emission from active stars can be explained within the
CSHKP flare paradigm, through ongoing chromospheric evaporation caused by nu-
merous small flare events operating quasi-continuously. These features are therefore
often used as a tracer for stellar activity levels (e.g. Mohanty & Basri, 2003).

An important empirical trend in active stars, known as the Giidel-Benz relation
(Gudel et al., 1993; Benz & Guedel, 1994), shows that there is a close relationship
between the soft X-ray luminosity and the non-thermal radio luminosity of active
stars. The trend, incorporating data from solar and stellar observations, can be
described by a power-law relationship (Benz & Guedel, 1994):

Ly o< Ly 0% (1.2)

where Lx and L, r are the X-ray and radio luminosities, respectively. This rela-
tionship arises from the same origin as the Neupert effect — namely, a close causal
relationship between non-thermal electrons accelerated by magnetic reconnection
in flares, which generate radio emission via the gyrosynchrotron mechanism (see
Section 1.3.3); and the thermal electrons which are heated in the chromosphere by
the non-thermal electrons and evaporate into the corona, where they radiate in soft
X-rays. This empirical relationship holds over nearly 10 orders of magnitude in
luminosity, and in a broad range of active stars, illustrating the wide applicability
of the CSHKP paradigm. Instances when the Giidel-Benz relation is violated indi-
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Figure 1.4: X-ray light-curve (a), X-ray light-curve time derivative (b), and 6 cm
radio light-curve (c) of a flare on the RS Canum Venaticorum (interacting close
binary system) o Gem, from Giidel et al. (2002b). The radio light-curve follows
the X-ray time derivative closely, as expected from the Neupert effect. The cross-
correlation between the X-ray time derivative and the radio light-curves is inset
in sub-figure (c). Image credit: Giidel et al. (2002b).
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cate the operation of a non-standard flare paradigm (e.g. Osten et al., 2005), or a
fundamentally distinct process at work, particularly when coherent radio emission
is involved e.g. auroral radio emission from brown dwarfs (Hallinan et al., 2015),
or coherent bursts from M-dwarfs unassociated with flaring activity (Kundu et al.,
1988).

Space weather

Related to flares is the family of phenomena collectively known as space weather,
which describes the conditions of the magnetised plasma beyond the stellar corona
(Schwenn, 2006). This includes:

e the stellar wind — a steady outflow of diffuse, supersonic plasma from the
corona (Cranmer & Winebarger, 2019);

e cnergetic particle events (Schwenn, 2006) — beams of relativistic particles ac-
celerated in the corona, travelling out into interplanetary space; and

e coronal mass ejections — powerful expulsions of magnetised plasma from the
corona (Webb & Howard, 2012).

Like flaring activity, space weather ultimately results from the generation, stochas-
tic movement, and reconfiguration of magnetic fields. Flaring and space weather
activity are often (but not always) closely related.

Coronal mass ejections are the most significant space weather phenomenon of
those outlined above, with the potential to severely impact companion objects. Sta-
tistical studies with large samples of solar CMEs have shown that they have masses
ranging from 10'3-10'% g, speeds of ~ 200-2000kms~!, and have total energies of
102"-10%3 erg (Vourlidas et al., 2002; Gopalswamy, 2004). These events have the
potential to cause great damage to spacecraft, space personnel, and ground-based
electricity networks over large areas, and subsequently may endanger human safety
and cause economic loss (Cliver & Dietrich, 2013; Committee on the Societal and
Economic Impacts of Severe Space Weather Events, 2008; Tsurutani et al., 2003).
Attempts to understand and make predictions about solar space weather and CMEs
are therefore a key areas in current solar research (Schwenn, 2006).

Solar CMEs are typically identified in white-light coronagraph or heliospheric
imager observations (see Webb & Howard, 2012, for a review). Low-frequency radio
emission also provides a useful window into this phenomenon — an early example
came from Riddle (1970), who detected an outward-moving radio source with the
Culgoora Radioheliograph at 80 MHz, likely generated by a CME. Solar radio bursts,
such as type IV and shock-driven type II bursts, can also indicate CME activity
(Salas-Matamoros & Klein, 2020; Gopalswamy, 2006; Robinson, 1986). Figure 1.5
shows an example of a CME-associated solar type II and IV burst from the Green
Bank Solar Radio Spectrometer (White, 2007). In Chapter 4, we report the detection
of a solar-like type IV burst associated with a large flare. This detection is indicative
of a CME leaving the star, and ongoing electron acceleration associated with post-
eruptive magnetic structures (Salas-Matamoros & Klein, 2020; Cliver et al., 2011).

Interest in the space weather environment around active stars has increased in
recent years, driven by the growing population of confirmed extrasolar planets, and
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the need to empirically constrain the habitability of planets around active stellar
hosts (Khodachenko et al., 2007). There have been several observational searches
for stellar CMEs, with only one confirmed event reported thus far (Argiroffi et al.,
2019). There have also been several candidate events identified through blue-shifted
Balmer line components (Houdebine et al., 1990; Vida et al., 2019a, e.g.), and on-
going X-ray absorption during flares (Moschou et al., 2017, 2019, e.g.). However,
these candidates may also be produced solely by flaring phenomena, such as filament
eruptions. To date, there have been no confirmed CMEs from active M-dwarf stars.
Searches for type II burst emission at low radio frequencies have returned nil detec-
tions (Crosley et al., 2016; Crosley & Osten, 2018a,b; Villadsen & Hallinan, 2019).
Numerical modelling by Alvarado-Goémez et al. (2018) has shown that large-scale
strong overlying magnetic fields may prevent CME escape from M-dwarf coronae.
Those that are able to escape the strong M-dwarf magnetosphere may not produce
shocks at appropriate electron densities due to high Alfvén speeds, preventing the
production of type II emission because there is no shock (Alvarado-Gomez et al.,
2020; Mullan & Paudel, 2019).

Auroral processes

Aurorae are prevalent in the magnetised planets of the solar system, including on
Earth, where they manifest as the famous terrestrial Aurora Australis and Aurora
Borealis. As discussed below, studies in the last two decades have revealed that
aurorae are also present in a number of ultra-cool dwarfs (UCDs; spectral type >
M7), and in magnetically chemically-peculiar (MCP) stars.

Aurorae are driven by large-scale field-aligned current systems, which can be pro-
duced in several ways. Firstly, interaction between the object’s magnetosphere and a
flow of magnetised plasma can cause magnetic reconnection events, accelerating the
plasma along magnetic field lines toward the polar regions. This is the mechanism
responsible for the aurorae on Earth and Saturn, whose magnetospheres interact
with the solar wind (e.g. Cowley et al., 2004). Secondly, orbit of a satellite through
a magnetosphere sets up a current system within the magnetic flux tube connecting
the satellite and the parent body. This mechanism operates in the jovian magne-
tosphere with its moons lo, Europa and Ganymede (Saur et al., 2013; Zarka, 1998;
Bigg, 1964; Goldreich & Lynden-Bell, 1969), and in the cronian magnetosphere
with Enceladus (Tokar et al., 2006). Figure 1.6 shows an ultraviolet image of the
jovian auroral oval, which features “hotspots” corresponding to the footpoints of
magnetic flux tubes connected with Io, Ganymede, and Europa. Finally, breakdown
of rigid co-rotation between the magnetosphere and a rotating plasma disk sets up
magnetosphere-ionosphere coupling currents, which act as the auroral current sys-
tem (Cowley & Bunce, 2001). This mechanism is responsible for the jovian main
auroral oval. As is the case with Jupiter, the mechanisms described above are not
necessarily mutually exclusive.

The large-scale current systems driving aurorae are responsible for a wide variety
of emissions when the high-energy particles impact the neutral atmosphere (see
Figure 1.6). These include the well-known optical emission in Earth’s atmosphere,
and ultra-violet, optical, and infrared emission on Jupiter and Saturn (e.g. Vasavada
et al., 1999; Clarke et al., 1996; Caldwell et al., 1980). Aurorae can also generate
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Figure 1.6: 7Top: cartoon illustration showing the geometry of jovian auro-
ral radio emission from the magnetic flux tubes connected with the moons Io,
Ganymede (G), and Europa (E). The emission is highly beamed in a thin cone
at a large angle (> 70°) from the magnetic field. Bottom: Hubble Space Telescope
ultraviolet image of the the northern jovian auroral region, showing the full au-
roral oval along with the “footprints” of the lo, Ganymede and Europa magnetic
flux tubes. Figure from Zarka (2007).
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Figure 1.7: Occurrence probability of jovian radio emission as a function of cen-
tral meridian longitude (CML) and satellite orbital phase, for Io and Ganymede,
compiled from 26 years of observations. Localised patches in this phase space
correspond with emission from an excited flux tube crossed by a satellite. Vertical
features reveal stationary magnetic features which are responsible for some of the
radio emission. Figure from Zarka et al. (2018).
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extremely powerful radio emissions: at frequencies below 20 MHz, radio emission
from the jovian aurorae are more intense than the quiescent Sun (Zarka, 1998). The
radio emission is produced through the electron cyclotron maser instability, which
we discuss in detail in Section 1.3.4.

An important feature of this emission is that it is highly directional, with emission
occurring in a hollow cone nearly perpendicular to the magnetic field (Treumann,
2006). The exact emission geometry depends on the electron velocity distribution
anisotropy driving the maser — see Section 1.3.4. As a result, the emission can be
rotationally modulated as the beamed emission crosses the line of sight, in a similar
fashion to a pulsar. Figure 1.6 illustrates the beamed radio emissions produced
in the magnetic flux tubes connected to its satellites Io, Europa and Ganymede.
Depending on the driver of the aurorae, the beamed emission can generate periodic
pulses at the rotational period of the source object, at the orbital period of a satellite,
or remain quasi-stable if the emission originates from a full auroral oval.

Figure 1.7 shows the probability of observing a jovian auroral radio burst as a
function of jovian central meridian longitude (CML) and the orbital phase of Io,
and Ganymede. The vertical stripe near a CML of 250° is indicative of an emission
region that remains fixed in jovian longitude, producing bursts that are periodic
with the jovian rotation. The localised patches of high probability, outlined and
labelled A, B, C, and D in either sub-figure, correspond with emission features that
occur near a fixed satellite orbital phase and at favourable jovian longitudes. This
is an example of emission that is rotationally modulated by the orbital period of the
satellite along with the rotation of the object. In this way, the presence of periodic
or rotationally-modulated radio emission is the hallmark of aurorae operating within
a magnetosphere.

The observation of periodic radio pulses from the ultra-cool dwarf
TVLM 513—46546 (Hallinan et al., 2006, 2007, see Figure 1.8), and later from sev-
eral other ultra-cool dwarfs (e.g. McLean et al., 2011; Berger et al., 2009; Hallinan
et al., 2008) suggests that auroral processes are capable of operating in low-mass
stars with fully-convective dynamos (Hallinan et al., 2015). Following this discovery,
rotationally-modulated optical emission (both continuum and in H v emission) has
been observed and attributed to the same underlying auroral mechanism driving the
periodic radio pulses (Harding et al., 2013; Hallinan et al., 2015). To date, none of
the radio-loud ultra-cool dwarfs have exhibited periodicity distinct from their known
rotational period, which would be a hallmark of the interaction between the star
and a companion planet. The most plausible driver for ultra-cool dwarf aurorae is
breakdown of co-rotation of a plasma disk and the magnetosphere, but the nature of
the auroral engine is as yet, unconfirmed (Hallinan et al., 2015; Pineda et al., 2017).

Aside from ultra-cool dwarfs, auroral radio emissions have also been observed in
hot magnetic stars. The first example was CU Virginis, which was observed to
produce periodic radio pulses by Trigilio et al. (2000). For more than a decade,
CU Virginis was the only known hot magnetic star to exhibit this behaviour, but
analogous examples have also been recently uncovered (e.g. Leto et al., 2018; Das
et al., 2018, 2019a,b).

That some ultra-cool dwarfs and hot magnetic stars exhibit aurorae may be a con-
sequence of their stable, large-scale, rotation-dominated magnetospheres, similar to
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Figure 1.8: Auroral radio pulses from the ultra-cool dwarf TVLM 513—46546.
The top panel shows Stokes I (total intensity), and the bottom panel shows Stokes
V' (circularly polarised intensity). The periodic and highly polarised nature of the
pulses is evident. From Hallinan et al. (2007).

the planetary magnetospheres which also host aurorae. The presence of aurorae on
ultra-cool dwarfs, implying the existence of a large scale magnetic field, is consis-
tent with fully-convective dynamo modelling by Yadav et al. (2016, 2015), which
shows that dynamos in rapidly-rotating (low Rossby number) fully-convective stars
produce stable, axisymmetric fields, whereas more slowly-rotating (higher Rossby
number) fully-convective stars produce more complex, cyclic magnetic field struc-
tures. However, it remains unclear how common this phenomenon may be in fully
or even partially-convective main sequence stars, which likely exhibit activity more
consistent with the solar paradigm.

1.2 The influence of stellar magnetic activity

Magnetic activity has a significant influence in most aspects of the life of a star, such
as its formation, evolution, chemical enrichment, and on its environment (Donati
& Landstreet, 2009). Below we discuss some effects which strongly influence the
evolution of, and environment around main-sequence low-mass stars.
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1.2.1 Mass loss and angular momentum evolution

Mass loss and angular momentum evolution hold a two-way relationship with the
magnetic activity of low-mass stars. Mass loss of active stars can arise from two
main components — the stellar wind, and coronal mass ejections. An important
distinction is that the wind is steady, so is a constant source of mass loss, whereas
coronal mass ejections are transient in nature, only causing mass loss in isolated
episodes.

Mass loss on the Sun is dominated by the solar wind, with coronal mass ejections
only contributing a few percent to the total mass-loss rate of ~ 1074 Mg yr=! (Vourl-
idas et al., 2010). However, statistical studies of solar flares and related CMEs have
revealed an empirical correlation between solar X-ray flare energy and CME mass
(Drake et al., 2013; Aarnio et al., 2012). This raises the possibility that coronal mass
ejections may be a significant source of mass loss on active stars, which flare more
frequently and more powerfully than the Sun (Osten & Wolk, 2015; Lacy et al., 1976;
Benz & Giidel, 2010). Drake et al. (2013) estimate a CME-driven mass-loss rate of
up to 1071 Mg yr~! for active stars, orders of magnitude higher than the solar rate.
Aarnio et al. (2012) reached similar conclusions, finding mass loss rates in the range
of 1071221072 M, yr~!. Using energy partitions between various radiative compo-
nents of solar flares and CMEs, Osten & Wolk (2015) derived CME-driven mass-loss
rates for active stars finding they were generally orders of magnitude greater than
the solar mass-loss rate. However, the true occurrence frequency of CMEs on active
stars is currently unknown, and so the assumption of a solar-like CME scaling re-
lationship cannot be verified and may not hold. Simulations of CMEs from active
stars suggest that a strong overlying magnetic field may suppress CMEs, diminish-
ing the influence of this phenomenon on stellar mass loss (Alvarado-Gomez et al.,
2018, 2019). These results, and the current lack of strong observational constraints
on stellar CMEs (Leitzinger et al., 2011, 2020; Crosley et al., 2016; Crosley & Osten,
2018a,b; Villadsen & Hallinan, 2019; Vida et al., 2019a; Leitzinger et al., 2020), ne-
cessitate further observational campaigns for transient mass loss from a broad range
of active stars.

The angular momentum evolution of active stars is also closely related with the
operation of stellar activity. Skumanich (1972) established that as isolated main-
sequence stars age, their rotational velocity decays in proportion to t~'/2, demon-
strating ongoing angular momentum loss throughout the majority of a star’s life.
This spin-down is thought to be driven by mass loss from the magnetised stellar
wind, which applies magnetic stresses on the rotating star (e.g. Weber & Davis,
1967). Aarnio et al. (2012) found that CME activity can be a significant driver
of angular momentum loss in pre-main sequence stars, and CME activity on main-
sequence stars is likely to have a similar effect (Osten & Wolk, 2015).

In addition to angular momentum, activity levels tend to decrease with stellar
age (Irwin et al., 2011; West et al., 2008). This trend is related to the rotation-
activity relation — more rapidly-rotating stars exhibit higher activity levels (usually
measured using tracers such as Ha or X-ray luminosity), up until a rotation rate
where activity level saturates (Mohanty & Basri, 2003; Reiners & Basri, 2008a).
These trends highlight the relationship between rapid rotation and dynamos which
drive the generation of magnetic fields in low-mass stars. In addition, the spin-down
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rate tends to decline with mass, so that lower-mass M-dwarfs retain their angular
momentum for longer than solar-like stars (Gallet & Bouvier, 2015; Reiners & Basri,
2008a). This decline in spin-down rate may arise due to the increasing importance
of large-scale, dipolar magnetic fields in fully-convective stars (Morin et al., 2008,
2010), compared with the more complex fields found in solar-like stars (Reiners &
Basri, 2008a). For stars later than spectral type M9, the rotation-activity relation
breaks down, potentially due to the emergence of a neutral atmosphere in these cool
stars, which may suppress chromospheric activity such as H a emission due to high
atmospheric resistivity (Mohanty & Basri, 2003).

To summarise this relationship between magnetic fields, rotation, and mass loss:
young stars tend to rotate more rapidly, which favours higher activity arising from
a more efficient dynamo. This magnetic activity drives the stellar wind (e.g. Mestel,
2012), and CME activity, which in turn drive stellar mass loss. Magnetic braking
and angular momentum transport caused by this mass loss slow the stellar rotation,
resulting in a less efficient dynamo. This in turn leads to diminishing levels of
activity, setting up a negative feedback cycle between activity, mass loss, and spin
down.

1.2.2 Planetary atmospheres, magnetospheres, and habit-
ability

Along with fundamental stellar parameters such as mass and rotation rate, stellar
magnetic activity also significantly influences planetary companions, through the
interaction of planetary atmospheres and magnetospheres with magnetised outflows
and radiation from the host star. In the solar system, the link between solar activ-
ity and geomagnetic storms and planetary aurorae has been firmly established for
nearly a century (Chapman & Ferraro, 1930; Hale, 1931). Solar wind and CMEs
drive aurorae throughout the entire solar system (Prangé et al., 2004; Zarka, 1998),
causing ionisation of neutral atmospheric molecules. The solar wind is also capable
of eroding planetary atmospheres (e.g. Lundin et al., 2007), which likely caused sig-
nificant atmospheric loss in Mars and Venus, which lack a strong, shielding magnetic
field similar to the terrestrial field (Lundin et al., 2007). The loss of the martian
atmosphere and its water content illustrates the profound influence of stellar winds
on atmospheric chemistry and therefore planetary habitability.

The traditional circumstellar “habitable zone” (HZ) is defined by the range of
orbital radii where the planetary equilibrium temperature is compatible with the
presence of liquid water. For cool M-dwarfs, which dominate the galactic stellar
population (Henry et al., 2006), the HZ lies much closer to the host star than the solar
HZ, at orbital radii of ~ 0.04-0.5 AU depending on the mass and age of the host star
(Khodachenko et al., 2007). This increases the susceptibility of M-dwarf HZ planets
to high levels of stellar activity. Several works using numerical simulations have
investigated the influence of stellar activity and space weather on close-in exoplanets.
Khodachenko et al. (2007) and Lammer et al. (2007) investigated the influence of
CMESs on close-in Earth-like exoplanets around active M-dwarfs, finding that these
stars are capable of exposing their companion planets to energetic CMEs throughout
their entire lifetime, causing strong magnetospheric compression and subsequent
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Figure 1.9: Magneto-hydrodyanamic simulation of the interaction of the planet
TRAPPIST-1 f and the magnetised wind of its host star. The planet is represented
by the blue sphere, and the star is located along the z-axis to the right. Top
panels show simulation results for an Earth-like magnetic field, and bottom panels
show results for an Earth-like field with polarity reversed. Left and right panels
correspond to a sub- and super-Alfvénic wind, respectively. Magnetic field lines
directly-connected to the planetary magnetosphere are shown in red, whereas
nearby stellar field lines are shown in blue. The background colour indicates
the wind density. The connection of the planetary magnetosphere to the stellar
magnetic field acts as a conduit to the stellar wind directly onto the planetary

atmosphere, causing strong erosion. Figure from Garraffo et al. (2017).
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atmospheric erosion by these space weather events. The effects of a stellar wind
have also been investigated in detail by Garraffo et al. (2016) and Garraffo et al.
(2017) for Proxima Centauri b (Anglada-Escudé et al., 2016) and the TRAPPIST-1
planetary system (Gillon et al., 2017) respectively. They find wind pressures on the
planetary atmospheres exceeding the solar wind pressure on Earth by a factor of 103
10, leading to strong atmospheric erosion and variable magnetospheric compression.
In the case of the TRAPPIST-1 system, magnetic field lines from the star may
connect with the planetary magnetosphere, providing a direct conduit of the stellar
wind onto the planetary atmosphere. This is illustrated in Figure 1.9. In a similar
vein, Vidotto et al. (2013) have shown that magnetic pressure alone may reduce the
size of planetary magnetospheres, leaving them susceptible to erosion. A somewhat
less frightening scenario is presented by Vidotto & Cleary (2020), who argue that
strong pressure from stellar winds around close-in planets may actually confine their
atmospheres from escape, rather than eroding them. In addition to magnetospheric
compression, stellar winds may form magnetospheric bow shocks, and drive auroral
radio emission from strongly-magnetised exoplanets (Vidotto et al., 2015).

Ongoing exposure to energetic particles (> 10MeV) and high levels of ionising
radiation from flaring activity may also have an important influence on planetary
atmospheres and habitability. Howard et al. (2018) reported the detection of a su-
perflare (a flare with bolometric energy exceeding 10?3 erg) from Proxima Centauri.
They found that repeated exposure to energetic particle events from the repeated
flares from Proxima Centauri may deplete atmospheric ozone, leaving simple surface
life susceptible to intense far-ultraviolet radiation produced by superflares (Howard
et al., 2018). These conclusions are similar to the study of Segura et al. (2010),
who find that the strong far-ultraviolet radiation from stellar flaring alone does not
significantly impact habitability for surface life in an Earth-like atmosphere, but on-
going exposure to energetic protons associated with flaring may remove atmospheric
ozone, leaving the surface susceptible to ionising radiation.

Although the above works may paint a threatening picture for the habitability of
M-dwarf exoplanets, the key ingredient that is still missing is direct observational
evidence of the response of exoplanet atmospheres and magnetospheres to the space
weather environment created by its host star. The next generation of large-scale
astronomical facilities, such as the Square Kilometre Array, and the James Webb
Space Telescope, may provide long-sought observational constraints on these topics.

1.3 Stellar radio emission processes

Stellar atmospheres contain an abundance of plasma which is subject to thermal
processes, and forces primarily from electric and magnetic fields. Accelerated elec-
trons within a plasma produce electromagnetic radiation at radio wavelengths, and
as a result, stellar atmospheres are a natural place to expect radio emission. This is
demonstrated by the detection of radio emission from a wide variety of stars across
the Hertzprung-Russell diagram. Radio emission is driven by, and carries impor-
tant information about the plasma in stellar magnetospheres. It is therefore an
important probe into stellar coronae, providing information that is complementary
to other wavebands and techniques.
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Basic phenomena responsible for accelerating individual electrons include thermal
free-free collision (bremsstrahlung), or gyration around magnetic field lines due to
the Lorentz force. These processes result in incoherent emission — the population
of electrons do not gyrate or collide in phase, and so the ensemble of emission
from the electrons is not in phase. In more special circumstances involving plasma
instabilities or resonances, described in Section 1.3.4 below, coherent emission is
produced. This emission can be extremely bright, highly polarised, and exhibit
complex time-frequency structure.

The plasma environment and physical processes driving the emission leave signa-
tures on the observable parameters, such as temporal variability, spectral structure,
polarisation, luminosity, and brightness temperatures. Observing these parameters
provides a means for remote sensing of the plasma environment in stellar atmo-
spheres, and for inferring the physical processes operating in stellar atmospheres.
This makes stellar radio emission an effective probe of stellar atmospheres, and the
physical processes operating within them.

Before a detailed description of the important radio emission mechanisms, it is
useful to introduce key concepts that will aid our understanding of these mechanisms.
Firstly, it is useful to introduce the characteristic frequencies of the magnetised
plasmas which produce radio emission. These are the electron plasma frequency

€2n 1/2
v, = ( 6) ~ 9.0n/? kHz, (1.3)
M
and the electron cyclotron frequency:

eB
v, =
2mmec

~ 2.8 BMHz. (1.4)

where the constants have been evaluated in Gaussian cgs units for the numerical
approximations. The plasma frequency is the characteristic frequency of plasma
oscillation or Langmuir waves, and the electron cyclotron frequency (also known
as the electron gyrofrequency) is the rotation frequency of the gyrating electrons.
These frequencies are often described in terms of their angular frequencies, i.e. w, =
2mv,, w. = 2mv,. Which of these two frequencies dominates the other is a key
factor in which radiative processes can operate, and which are quenched. It is
also worth noting that the contribution of ions is usually neglected, since their
high mass compared to electrons means that they are not accelerated as much by
electromagnetic forces.

Before proceeding to discuss emission mechanisms in detail, it is useful to out-
line some fundamentals of radiation in a stellar context. Further details for the
following Sections 1.3.1 and 1.3.2 can be found in textbooks such as Melrose (1986),
Aschwanden (2005), Koskinen (2011), and Condon & Ransom (2016).

1.3.1 Magnetoionic modes and polarisation

Stellar radio emission arises from, and propagates through, a magnetised plasma.
The magnetic field of the plasma causes birefringence, i.e. refractive indices which
depend on the wave polarisation. The radiation is subject to the plasma dispersion
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equation, whose solutions depend on the geometry of the wave-vector, electric field
and magnetic field. These solutions define the magneto-ionic modes of the plasma.
The derivations of these solutions is quite involved, but a common simplification
is to take the cold plasma approximation. This approximation assumes that the
wave group velocity is assumed to be much greater than the thermal velocity of the
electrons, and the contribution of massive ions are neglected.

The most important modes are those where the waves are able to escape the
plasma as freely-propagating electromagnetic radiation (i.e. radio waves). These are
known as the ordinary (o) and eztraordinary (r) modes. The name of the ordinary
mode reflects that its dispersion relation is independent of the background magnetic
field when the radiation wave vector is perpendicular to the magnetic field, so this
mode describes the propagation in the absence of a magnetic field. The refractive
index of the extraordinary mode differs from the ordinary mode due to the influence
of the magnetic field.

In most cases, the so-called quasi-circular approximation applies (Melrose, 1986),
which implies that o and z-mode radiation are 100% circularly polarised in opposite
senses. The electric field vector of radiation in the z-mode rotates in the same
direction as the electron gyromotion, while for o-mode the electric field rotation is
opposite to the gyromotion. As a result, z-mode radiation is right-hand circularly
polarised (RCP) if emitted from the magnetic north polar region of a radiation
source, and left-hand circularly polarised if emitted from a magnetic south polar
region. The opposite is true for o-mode radiation, i.e. emission from a magnetic
south will be RCP, and emission from a magnetic north will be LCP.

A net polarisation is produced when radiation from different modes have different
intensities. If a detector can measure the polarisation state of incoming radiation,
then it can be used as a powerful diagnostic of the radiation source and its prop-
agation path. For example, if the magnetic field direction at the source can be
determined independently (for example, through Zeeman Doppler Imaging), the
handedness of the circular polarisation is indicative of the magneto-ionic mode of
the radiation, and therefore of the emission mechanism. On the other hand, if the
emission mechanism is known, then the polarisation handedness gives insights into
the magnetic field structure at the source.

Propagation effects can also influence the polarisation of the radiation, potentially
transferring information about the medium to a distant observer. For example, the
distinct refractive indices for the z and o-modes of a magnetised plasma causes
the polarisation angle of linearly polarised radiation ¢ to rotate as it propagates
through the medium. When the electron cyclotron frequency is much smaller than
the emission frequency (w. < w), the rate of rotation can be expressed as:

2 3
@ = wac = — ¢ )\zneB” . (1.5)

ds 2cw? 2mrm?2ct

This effect is known as Faraday Rotation, and is widely used to probe the magnetic
fields of radio galaxy lobes and AGN (e.g. O’Sullivan et al., 2017), galaxies (Beck,
2015), and the Milky Way interstellar medium (e.g. Oppermann et al., 2015), en-
abling a broad range of scientific investigations (e.g. Heald et al., 2020). Defining
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the rotation measure (RM),

63

RM /d ne(s)By(s)ds, (1.6)

a 2mm2ct
the total rotation of the polarisation plane can be expressed
¢ =—RMM?, (1.7)

which means that the rotation measure can be determined by wide-band polarimet-
ric radio observations. Under typical conditions in stellar coronae, the magnetic
field is relatively strong (~ 1-1000G), and the plasma is dense (~ 107-10' cm™3)
(Yang et al., 2020; Morin et al., 2010; Ness et al., 2004). These conditions mean
that Faraday rotation occurs rapidly enough for bandwidth depolarisation, when the
polarisation angle rotates significantly within one frequency channel, so that the
polarisation information is lost. In addition, the coronal magnetic field strength
and electron density are strongly inhomogeneous, and as a result, the value of the
rotation measure varies strongly throughout the corona. If the spatial extent of the
radiation source is sufficiently large, then emission from different depths along the
line of sight are subject to different degrees of Faraday rotation — this is termed
differential Faraday rotation, and is an intrinsic depolarisation process. Similarly,
variations in the rotation measure orthogonal to the line of sight, but on angular
scales smaller than the angular resolution of the telescope cause beamwidth depo-
larisation. These depolarisation effects are expected to be strong for stellar radio
sources, so linear polarisation is not expected to detectable from stellar coronae —
see Sokoloff et al. (1998) for a review of Faraday depolarisation effects. In Chap-
ters 3 and 4, we present observations of linearly polarised emission from UV Ceti
and Proxima Centauri respectively, and explain the polarisation features in terms
of emission from extremely rarefied cavities within the stellar magnetosphere.
Another propagation effect, mode coupling, may cause reversals in the sense of
circular polarisation, and conversion between the magneto-ionic modes as the radi-
ation propagates. This is thought to be particularly important in so-called quasi-
transverse regions, where the magnetic field is perpendicular to the direction of prop-
agation. For example, Shaposhnikov et al. (1997) argued that the elliptical polari-
sation of Jovian decametric emission arose due to linear mode coupling, rather than
intrinsically elliptically polarised emission produced from a highly rarefied source
region (Melrose & Dulk, 1991). White et al. (1992) provide an overview of mode
coupling theory, and discuss its relevance in radio observations of the solar corona.

1.3.2 Brightness temperature and radiative transfer

The specific intensity describes the power dP received from a radiating source with
solid angle df2, at an angle 6 from the normal to a surface area do, in a small
frequency range dv around frequency v. It is defined as

dP
I = cos BdodQdy’ (1.8)
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and has units of ergs™' ecm 2 Hz !sr~!. In a vacuum, the specific intensity from an
isolated point source I, is conserved along a ray s:

dl,
ds

0. (1.9)

In the case of propagation through a medium, absorption and emission may occur
along the ray path. We define the absorption coefficient x as the constant of pro-
portionality of the infinitesimal probability dP of a photon being absorbed in a slab
of thickness ds:

dP = kds. (1.10)

The corresponding fractional change in intensity is therefore

dl,
I,

= —Rds. (1.11)

Integrating both sides along the intervening medium yields

In (2’55;‘3) — / " K(s')ds’ (1.12)

for a purely absorbing medium. Exponentiating both sides, and defining the optical

depth
out
T = exp (/ /f(s’)ds') : (1.13)

the fractional decrease in specific intensity after propagating through an absorbing

medium is
Iy (Sout )

Il/<Sin)

For 7 <« 1, the absorption becomes negligible, and the emission is called optically
thin. For 7 > 1, absorption is significant along the ray path and the emission is
called optically thick. Note that 7 > 0 in general®.

Similarly, a medium may emit a photon which will contribute positively to the
specific intensity along an infinitesimal ray path, which can be characterised by the
emission coefficient 7j,:

= exp(—7). (1.14)

I, = j,ds . (1.15)

Considering both emission and absorption, we obtain the radiative transfer equa-
tion
dl,

e 1.16
s kL, +J (1.16)

An important characteristic of any radio emission is the brightness temperature.
This is the temperature of a black body of a given size radiating via Planck’s law,
whose specific intensity matches the observed specific intensity of the source, even if

'Except for molecular maser sources which produce stimulated emission (i.e. negative absorp-
tion; 7 < 0) at specific wavelengths corresponding to molecular energy transitions. (Reid & Moran,
1981).
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the source is not a black body. At low frequencies, when hv/kT < 1, the Rayleigh-
Jeans approximation holds and the expression for black body radiation becomes

2]€BTI/2

2
The definition of brightness temperature 7T}, follows directly from the Rayleigh Jeans
approximation, and is used to characterise the specific intensity even when emission
is non-thermal (i.e. when I, # B,):

B,(T) = . (1.17)

QkBTbI/2
I, = —Q (1.18)
so that 2
e
T, = —— 1.19
b 2kBV2 ( )
for any 1,,.

For ray propagation in local thermodynamic equilibrium (LTE), dI,/ds = 0, and
I, = B,(T). From Equation 1.16, it follows that

Jv

Ky

= B,(T) (Kirchoff’s Theorem). (1.20)

This relation ties together the emission and absorption coefficient of any gas, at any
frequency and temperature, so long as the medium is in LTE. Noting this, we define

the source function: .
Jv
J, ==, 1.21
HV (1.21)
which equals the Planck function B, when the medium is in LTE. Dividing Equation

1.16 through by , then yields
1dl, dI,

=Y =—1,+J, 1.22
Kk, ds dr * ( )

since dT7 = k,ds. Introducing the effective temperature of the radiating electrons
T, we can express the source function J, as

2
kBV Teﬁ‘
-

J, =2 (1.23)

C

We note that in non-LTE conditions, Tcg # Tpnys, the physical temperature. Now
expressing [, in terms of the brightness temperature Ty, we have

T,
dr

Integrating, and assuming an isolated source with constant T.g, we have

— Ty + T (1.24)

T, = Tua(1 — exp(—7)) (1.25)

N {Teﬂ if 7>> 1 (optically thick)

. . . (1.26)
TegT if 7 < 1 (optically thin)
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Equations 1.25 and 1.26 have the important implication that the brightness tem-
perature cannot exceed the effective temperature for incoherent radiation. Under
typical stellar conditions, the effective temperature does not exceed 10°-10°K,
which places an upper limit on the brightness temperature for incoherent stellar
radio emission (Dulk, 1985). A more conservative limit on the brightness tempera-
ture of incoherent radio sources can be placed by considering inverse-Compton ab-
sorption, which yields an upper limit of 10 K (Kellermann & Pauliny-Toth, 1969).
These thresholds on brightness temperature mean that it is a useful diagnostic in
determining whether observed emission is coherent.

For a single polarisation, the brightness temperature of a source with flux density

S, is

2
T, = k”;” /SVdQ (1.27)
where df) is a differential solid angle and the integral is computed over the projected
area of the source. If the source size can be estimated, the measured flux density of
any radio source can be used to determine the corresponding brightness temperature.

Having established important concepts which can be used to understand and
distinguish between different radio emission mechanisms, we briefly describe relevant

mechanisms for stellar radio emission.

1.3.3 Incoherent emission

Incoherent radio emission is found in a wide range of contexts in radio astronomy,
since the conditions for its production are quite easily met. An important distinction
between various forms of incoherent emission is whether it is thermal or non-thermal
in nature. Thermal emission refers to emission produced by a population of electrons
which are in local thermodynamic equilibrium (LTE), with a Maxwellian velocity
distribution. In this thesis, we investigate cool stars at low radio frequencies (<
1 GHz). The combination of their cool temperatures, small angular size, and the v/?
spectral slope for optically thick thermal emission means that it is not likely to be
detectable with current low-frequency facilities. Non-thermal emission is produced
by electrons whose velocity distribution deviates strongly from a Maxwellian. These
emission processes are important because their energy is generally sourced from
electrodynamic processes, and may carry information about magnetic fields from
the source to the observer.

Gyro-emission — produced by the gyration of electrons around magnetic fields — is
a ubiquitous form of incoherent emission in radio astronomy. In the non-relativistic
limit v = 1, gyroresonance emission is produced. Synchrotron emission is produced
in the ultra-relativistic case (y > 1), and gyrosynchrotron emission is produced in
the mildy relativistic case (1 < v < 10). Figure 1.10 shows characteristic inten-
sity and brightness temperature spectra for thermal gyrosynchrotron, non-thermal
gyrosynchrotron, and synchrotron emission.

Gyroresonance emission

The electrons responsible for gyroresonance emission are non-relativistic and low in
energy. Collisions with the ambient plasma are therefore important, and the velocity
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Figure 1.10: Characteristic brightness temperature (left) and intensity (right)
spectra for thermal and non-thermal gyrosynchrotron emission as well as syn-
chrotron emission. The high-frequency part of the spectra decline with increas-
ing frequency, and corresponds with the optically-thin regime. For non-thermal
(gyro)synchrotron, the optically-thin spectral slope is determined by the power
law index of the electron velocity distribution, §. The low-frequency part of the
spectra corresponds with the optically-thick regime. For thermal gyro-emission,
the brightness temperature is constant with frequency, and the optically-thick
spectrum has a spectral index of +2. Figure from Dulk (1985).

distribution is usually well-described by a Maxwellian (Dulk, 1985). The emission
is concentrated at the local electron cyclotron frequency v. and its moderately low
harmonics s < 10.

Synchrotron emission

Synchrotron radiation is ubiquitous in radio astronomy, because it is the primary
mechanism behind radio emission from active galactic nuclei and radio galaxies,
which dominate the population of radio sources in the sky (e.g Condon et al., 1998).
The plasma in these systems are readily accelerated to ultrarelativistic energies by
the central supermassive black holes (Begelman et al., 1984). Although synchrotron
emission has been observed in solar and stellar contexts (e.g. MacGregor et al., 2020,
2018), it requires unusually high-energy electrons in the context of stellar coronae,
and is not commonly observed.

Gyrosynchrotron emission

Gyrosynchrotron emission can be generated by the electrons at the high-energy tail
of a thermal velocity distribution, or by a population of non-thermal electrons with
a velocity distribution generally described by a power-law:

n(E)=(§—1)E'N, (1.28)

where n(FE) is the electron velocity distribution as a function of energy FE, § is the
velocity distribution power-law index, Ej is the low-energy cutoff (generally assumed
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to be ~ 10keV), and N is the number of electrons with energies above Fy (Dulk
& Marsh, 1982). Emission at harmonics 10 < s < 100 are usually most important
for gyrosynchrotron emission. Analytic computation of the emission and absorption
coefficients for gyrosynchrotron emission is nigh-intractable, although various nu-
merical approximations have been determined (e.g. Dulk & Marsh, 1982; Robinson
& Melrose, 1984). These have shown that the emission and absorption coefficients
are dependent on the global plasma properties, such as the electron effective tem-
perature, the viewing angle to the emission region, the electron density and the
magnetic field strength (Dulk & Marsh, 1982; Robinson & Melrose, 1984). Gyrosyn-
chrotron emission is usually mildly circularly polarised (| fo| < 50%), in the sense of
the z-mode for optically-thin emission, and o-mode for optically thick emission. By
measuring the broadband spectrum of gyrosynchrotron emission, plasma properties
of the emission region can be determined through radiative transfer calculations.
This makes gyrosynchrotron emission a valuable probe into the emission environ-
ment. Steady, non-flaring radio emission from a wide range of active stars, such
as RS CVn binaries, active M-dwarfs, and ultra-cool dwarfs have been attributed
to gyrosynchrotron emission from a population of mildly-relativistic power-law elec-
trons (e.g. Gary et al., 1983; Mutel et al., 1987; Osten et al., 2005, 2006; Lynch
et al., 2015). Centimetre-wavelength emissions associated with stellar flares are also
usually attributed to gyrosynchrotron emission. Several studies of solar and stellar
gyrosynchrotron emission have harnessed it to constrain the coronal properties of
stars (e.g. Metodieva et al., 2017; Lynch et al., 2015; Osten et al., 2006). In Chapter
2 (published in Zic et al., 2019a), we use the low-frequency, optically-thick gyrosyn-
chrotron emission spectrum from the ultra-cool dwarf 2MASS J1314+1320 to place
constraints on its global electron density and magnetic field strength.

1.3.4 Coherent emission

Development of resistive instabilities in a plasma lead to “negative absorption” (Mel-
rose, 2017). Strong amplification of electromagnetic radiation at certain wave modes
of the plasma occurs, leading to coherent emission. This emission can only arise
when the collisional frequencies of electrons and ions are lower than the resonance
frequencies and sufficiently low so that the plasma instabilities are not destroyed.
Coherent emission typically takes place at characteristic frequencies of the plasma,
such as the electron plasma frequency w, or the electron cyclotron frequency w..
In the context of stellar radio emission, the two most important coherent emission
processes are plasma emission and the electron cyclotron maser instability. These
processes involve instabilities in the parallel and perpendicular velocity distribu-
tions of electrons with respect to the ambient magnetic field. We discuss these two
emission mechanisms below.

Plasma emission

Plasma emission is the mechanism thought to be responsible for the majority of low-
frequency solar radio bursts. These bursts, classified into types I-V, are typically
generated by electrons accelerated in shocks or high-velocity electron streams. We
provide further details on some types of solar radio bursts in Chapter 4, and a review
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Figure 1.11: Schematic flowchart of the production of plasma emission, based
on the original theory by Ginzburg & Zhelezniakov (1958). From Melrose (2017).

can be found in White (2007). Plasma emission has also been invoked to explain
some coherent stellar radio bursts (e.g. Osten & Bastian, 2006).

Plasma emission is generated via secondary processes associated with Lang-
muir waves generated by high-velocity streams of electrons (also known as electron
beams). As the high-velocity beam streams through the plasma, the velocity distri-
bution of the ambient plasma develops a “bump” in the high-velocity tail. This bump
leads to a plasma instability, which causes exponential growth of Langmuir waves
which extract the free energy from the electron velocity distribution. Subsequent
interaction with ion acoustic waves, outlined by the flowchart in Figure 1.11 can
convert the plasma oscillations into free-propagating electromagnetic radiation at
the fundamental or second harmonic of the local plasma frequency (Melrose, 2017).
The theory behind the interactions of these wave modes is complex, and there have
been significant developments since the foundational elements were established by
Ginzburg & Zhelezniakov (1958) — see Robinson & Cairns (2000) and Melrose (2009)
for reviews.

Observationally, plasma emission is expected to occur close to the local plasma
frequency (see Equation 1.3) or its second harmonic (Melrose, 2017), enabling the
emission to probe plasma density structure (e.g. Harding et al., 2019). Emission
at the fundamental and second harmonic manifests clearly in solar type II and III
bursts, which show clear harmonic pairs in dynamic spectra (see Figure 1.5). Fun-
damental plasma emission is polarised in the sense of the o-mode at the fundamental
frequency, and weakly polarised at the second harmonic (Melrose et al., 1978).

The Electron Cyclotron Maser Instability

The electron cyclotron maser instability (ECMI) is responsible for the auroral radio
emission of Earth and other magnetised solar system planets. Like plasma emission,
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Figure 1.12: Illustration of the generation of a horse-shoe electron velocity distri-
bution, from Treumann (2006). Electrons spiralling toward converging magnetic
fields at the loop footpoint are accelerated by the parallel electric field. The mag-
netic mirror effect converts the excess energy gained from the electric field from
parallel into perpendicular velocity, forming the electron velocity distribution in
the figure right. The red and green lines indicate horseshoe and loss-cone rela-
tivistic resonance lines for perpendicular radiation in the xz-mode. Image credit:

Treumann (2006).
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it is driven by a high-energy anisotropy in the electron velocity distribution, which
leads to the exponential growth of radiation. For plasma emission, this anisotropy
is in the parallel component of the electron velocity v (with respect to the magnetic
field), whereas the electron cyclotron maser instability is driven by an anisotropy in
the perpendicular component v, , leading to negative absorption.

Early versions of ECMI theory were based on a loss-cone electron velocity dis-
tribution, where the electrons with a small v, (i.e. with small pitch angles
a = arctan(v, /v))) are low in number. A loss cone velocity distribution can be
generated within magnetic flux tubes within stellar and planetary magnetospheres
as follows. Firstly, electrons high in magnetic loops are heated via magnetic recon-
nection, or accelerated by other processes (e.g. magnetosphere-ionosphere coupling;
Cowley & Bunce, 2001; Nichols et al., 2012). These electrons initially have an
isotropic pitch angle distribution, and so the velocity distribution function in v, -
phase space is symmetric. An important requirement for the operation of the ECMI
is that it operates in a highly-magnetised, low-density environment, such that the
ratio of the plasma frequency to the electron cyclotron frequency w,/w. < 1.

As the electrons stream down toward the footpoints of the magnetic loop, the mag-
netic field strength increases, and so v, must also increase due to conservation of the
first adiabatic invariant g = m.v? /2B, where m, is the electron mass and B the lo-
cal magnetic field strength. Conservation of kinetic energy implies that v decreases,
and if the pitch angle is larger than a critical pitch angle a* = arcsin(Biop/ Bioot)
(Dulk, 1985), the parallel velocity goes to zero and reverses: the magnetic mirror
effect. Here, Biop and Bioor are the magnetic field strengths at the loop top, and at
the foot. Particles with pitch angles a@ < a* are able to pass through the magnetic
mirror, and so collide with the dense atmosphere below the magnetic loop and are
lost. As a result, the velocity distribution function f(x,p) is depleted of particles
with small pitch angles, and a region where df/0v, > 0 is formed.

Regions of the velocity distribution function with 0f/0v, > 0 are unstable to the
growth of electromagnetic waves: there are more high-energy electrons which are
able to donate their energy to an interacting wave than low-energy electrons which
are able to absorb energy from the same wave (Dulk, 1985), leading to rapid wave
growth. Theoretical studies have shown that the wave growth rate is fastest for the
fundamental harmonic of the electron cyclotron frequency (s = 1), for the z-mode,
at angles with respect to the magnetic field § ~ 70° (Dulk, 1985; Melrose, 2017).
Observationally, this means that emission from the loss-cone driven ECMI is highly
circularly polarised according to the z-mode, and is highly beamed along a hollow
cone, generating strong rotational modulation of the emission from the perspective
of a distant observer.

However, loss-cone driven ECMI cannot explain some features of the terrestrial
auroral kilometric radiation, such as ECMI frequencies occurring slightly below the
cyclotron frequency, and radiation nearly perpendicular to the magnetic field (Bing-
ham & Cairns, 2000). These discrepancies led to the development of horse-shoe
driven ECMI, which combines a ring velocity distribution, where more electrons are
able to contribute to the radiation energy compared with a loss-cone distribution
(Treumann, 2006), and the loss-cone, forming a horse-shoe shaped velocity distri-
bution (see Figure 1.12). This distribution can be set up in magnetic flux tubes in
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a similar way to the loss cone, but with the addition of an electric field parallel to
the magnetic field, directed away from the object’s surface. This is illustrated in
Figure 1.12. Electrons are accelerated by the electric field parallel to the magnetic
field, which evacuates the magnetic flux tube and increases the initial pitch angle
threshold for electrons being lost to the atmosphere or reflected by the magnetic
mirror. This provides a plausible explanation for solar, stellar, and planetary ECMI
emissions (Ergun et al., 2000; Treumann, 2006; Melrose & Wheatland, 2016).

Several works have developed software to simulate the spectro-temporal signature
of beamed ECMI radiation based on magnetic field geometries, beaming patterns,
and magnetospheric refraction (Louis et al., 2019; Das et al., 2020; Leto et al., 2017;
Lynch et al., 2015).

1.4 Research aims and outline of this thesis

This thesis presents investigations of cool stellar activity at low radio frequencies.
Magnetically active stars display a wide range of variable behaviour across all wave-
lengths, such as flaring behaviour, space weather events, and auroral activity (see
Sections 1.1.2). Low frequency radio emission provides an important probe into
these processes, tracing particle acceleration, shocks, and the plasma environment.

Radio observations of ultra-cool dwarfs have revealed strong non-thermal radio
emissions, with both persistent and bursty components, indicating the presence of
strong magnetic fields (Berger et al., 2001; Berger, 2002, 2006; Kao et al., 2018).
This was unexpected, since there is a sharp decline in other magnetic activity tracers
such as Ha and X-ray luminosity for these stars. The discovery of intense, periodic
bursts from ultra-cool dwarfs showed that these stars host stable large-scale current
systems which drive persistent aurorae (Hallinan et al., 2006, 2007, 2015). This
demonstrated that the magnetic activity of these stars operates within a separate
paradigm to the well-studied solar activity.

On the other hand, attempts to understand the radio emission from active M-
dwarfs have largely been from within the solar activity paradigm (e.g. Bastian, 1990).
At face value, this is well-justified — observations of stellar activity at other wave-
lengths have shown that they conform relatively well to the solar activity paradigm
(e.g. Hawley et al., 1995; Guedel et al., 1996; Giidel et al., 2002a). However, the low-
frequency radio emission of active M-dwarfs have shown properties inconsistent with
the solar paradigm: primarily, the poor correlation with optical or X-ray activity,
and key differences between the burst properties of solar and stellar low-frequency
bursts; e.g. dynamic spectrum morphology and polarisation.

An important issue that arises is the relevance of the auroral and solar mag-
netic activity paradigms to the low frequency emission of active M-dwarfs. If the
low-frequency emission from these stars can be shown to operate within the solar
paradigm, it may provide key insights into the space weather around these stars
(see Section 1.1.2). If the auroral paradigm applies, it has important implications
for the behaviour of the large scale magnetic fields of these stars, demonstrating
that processes operating in planetary magnetospheres can also operate in the mag-
netospheres of main sequence stars. Until work presented in this thesis (Chapter 3,
published as Zic et al., 2019b), there were no confirmed detections of active M-dwarf
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aurorae reported in the literature.

In this thesis, we present detailed low-frequency observations of active stars, with
the aim of probing their magnetospheres and determining the processes operating
within. In Chapter 2, we present observations of nine ultra-cool dwarfs with the
Giant Metrewave Radio Telescope. These observations were taken at ~ 610 and ~
1300 MHz, providing coverage of the optically-thick quiescent emission and enabling
us to estimate the spectral turnover frequency. We were able to reliably identify
optically thick gyrosynchrotron emission in one target, and used our measurements
along with measurements from archival literature to constrain its magnetospheric
properties. Seven of the targets were not detected, indicating that the radio emission
from these stars predominantly occurs at frequencies higher than about 2 GHz, and
only some are capable of producing low-frequency emission.

In Chapter 3, we present Australian Square Kilometre Array Pathfinder (ASKAP)
observations of the prototypical flare star, UV Ceti. These observations were the
longest continuous radio-frequency observations of the star to date, and were mo-
tivated by recent results showing that the bursts from this star may be periodic in
nature (Lynch et al., 2017; Villadsen & Hallinan, 2019). Our observations provide
the first confirmation of periodic radio pulses from an active M-dwarf, showing that
the auroral activity paradigm can also apply to active main-sequence stars. Similar
to Lynch et al. (2017), we also detect a linearly polarised component to the radio
bursts, and use this to infer the presence of extreme density cavities within the
auroral emission region.

Chapter 4 presents results from one night of an 11-night simultaneous multi-
wavelength campaign targeting Proxima Centauri, a moderately active M-dwarf
and the closest star to the Sun. The goal of our campaign was to probe the space
weather environment around this active M-dwarf and planet host, via observations
of flares and solar-like radio bursts. We detected a powerful flare with several optical
facilities (bolometric energy of ~ 2 x 1032 erg), accompanied with a series of intense,
coherent radio bursts detected with ASKAP. These include the first detections of
a coincident flare and coherent radio burst, and the most compelling detection of
solar-like type IV burst identified. Solar type IV bursts are strong indicators of
space weather activity, such as coronal mass ejections. Our detection of this type
IV burst event therefore may indicate the occurrence of a coronal mass ejection from
the star.

Chapter 5 summarises the conclusions of the previous chapters and places them
in the context of this thesis. We discuss future avenues of exploration which are
beginning to open as ASKAP sky surveys begin, and other radio facilities such
as the Low-Frequency Array (LOFAR van Haarlem et al., 2013), the Murchison
Widefield Array (MWA Tingay et al., 2013), and MeerKAT (Jonas, 2009) continue
to improve and approach full operations.
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2.1 Abstract

Observations of radio emission in about 10% of ultra-cool dwarfs (UCDs) indicate
the presence of strong, persistent magnetic fields in these stars. These results are in
contrast to early theoretical expectations on fully-convective dynamos, and to other
tracers of magnetic activity, such as Ha and X-ray luminosity. Radio-frequency
observations have been key to physically characterising UCD magnetospheres, al-
though explaining the diverse behaviour within them remains challenging. Most
radio-frequency studies of UCDs have been conducted in the 4-8 GHz band, where
traditional radio interferometers are typically most sensitive. Hence, the nature of
UCD radio emission at low frequencies (< 1.4 GHz) remains relatively unexplored,
but can probe optically thick emission, and regions of lower magnetic field strengths
— regimes not accessible to higher-frequency observations. In this work, we present
the results from Giant Metrewave Radio Telescope observations of nine UCDs taken
at ~ 610 and 1300 MHz. These are the first observations of UCDs in this frequency
range to be published in the literature. Using these observations, we are able to
constrain the coronal magnetic field strength and electron number density of one of
the targets to 1 < B < 90G and 4 < log(N,) < 10, respectively. We do not detect
the flaring emission observed at higher frequencies, to a limit of a few millijanskys.
These results show that some UCDs can produce low-frequency radio emission, and
highlights the need for simultaneous multi-wavelength radio observations to tightly
constrain the coronal and magnetospheric properties of these stars.
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2.2 Introduction

Stellar magnetic fields influence stars through all evolutionary stages, affecting their
formation, mass loss, rotation, chemical composition, and behaviour at late evolu-
tionary stages (Donati & Landstreet, 2009). At masses below 0.3 — 0.4 My, (spec-
tral types later than about M3.5), stellar interiors are fully convective (Chabrier
& Baraffe, 2000), and lack the tachocline generally accepted to drive solar-type dy-
namos (Ossendrijver, 2003). Therefore, early expectations were that these stars were
incapable of generating and sustaining strong, large-scale magnetic fields (Durney
et al., 1993).

However, flares observed in very late M-dwarfs in Ha, UV, and X-ray (Tagliaferri
et al., 1990; Linsky et al., 1995; Martin, 1999; Liebert et al., 1999; Reid et al., 1999;
Fleming et al., 2000) provided indications that some very low-mass stars exhibit at
least sporadic magnetic activity. More recent work (e.g. Metodieva et al., 2017;
Lynch et al., 2016; Williams et al., 2015a,b; Berger et al., 2010; Antonova et al.,
2008; Hallinan et al., 2008, 2006; Berger, 2002; Berger et al., 2001) on ultra-cool
dwarfs (UCDs; spectral class later than ~M7) at radio frequencies have revealed
that around 10% of these stars exhibit both persistent and bursty radio emission,
with many violating the well-known Giidel-Benz relation (GBR) by several orders
of magnitude (Williams et al., 2014). The GBR is an empirically derived relation
between X-ray and radio luminosities of magnetically active FGKM stars spanning
several orders of magnitude, following Lx ~ Ly:7 (Benz & Guedel, 1994), with Ly
denoting X-ray luminosity and L, r radio spectral luminosity.

Gyrosynchrotron emission from a population of mildly-relativistic electrons (e.g.
Berger et al. 2005, see Dulk 1985 for a review), or the electron-cyclotron maser
instability (ECMI; e.g Hallinan et al. 2008, see Treumann 2006 for a review) have
both been argued to be responsible for UCD radio emission. The ECMI is generally
thought to be responsible for the bursty, flare-like emission from UCDs, owing to
brightness temperatures in excess of 102K, and up to 100% circularly polarised
emission. On the other hand, the persistent, non-flaring emission from UCDs has
been argued to originate from gyrosynchrotron (e.g. Metodieva et al., 2017; Lynch
et al., 2016; Williams et al., 2015b; Berger et al., 2005) or ECMI (e.g. Llama
et al., 2018; Schlieder et al., 2014; Hallinan et al., 2008) processes. In any case,
the presence of this radio emission reveals that these objects can generate strong,
axisymmetric and active magnetic fields, in contrast to the expectations set by early
fully-convective dynamo theory (Durney et al., 1993). Despite recent progress in
dynamo models of low-mass stars (e.g. Yadav et al. 2016, 2015; Christensen 2010;
Browning 2008), explaining the broad phenomenology of UCD magnetic activity
revealed through their radio emission remains challenging (Williams et al., 2014).

The level of magnetic activity revealed by the radio emission was also surprising,
given steep declines observed for UCDs in X-ray and H « luminosity (e.g. Williams
et al., 2014; Berger et al., 2008; West et al., 2004; Mohanty & Basri, 2003; Gizis
et al., 2000), which are conventional tracers of coronal and chromospheric activity in
FGKM stars. It is thought that the drop in H o and X-ray luminosities is indicative
of the transition to cooler, more neutral atmospheres for UCDs (Mohanty et al.,
2002). The declines in Ha and X-rays are accompanied by a breakdown in the
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rotation-activity relation for UCDs (e.g. Mohanty & Basri, 2003), while the radio
rotation-activity relation remains relatively constant in the UCD regime (McLean
et al., 2012). These divergent trends once again highlight the need to clarify UCD
dynamo and coronal properties.

Radio-frequency observations have proven to be the most effective probes of UCD
magnetism. This is in part due to the difficulty encountered when attempting tech-
niques such as Zeeman—Doppler imaging to the faint, rapidly-rotating UCDs. This
technique has only recently been successfully demonstrated for a UCD (Berdyugina
et al., 2017).

However, the majority of radio studies of UCDs have been conducted between 4
and 8 GHz, and low-frequency (< 1.4 GHz) radio emission of UCDs remains rela-
tively unexplored. The presence and nature of radio emission at low frequencies is
therefore not well-known. For radio emission from the ECMI, low-frequency obser-
vations can give insights into electron motions driving the ECMI (Yu et al., 2012),
as well as probing regions of lower magnetic field strength. Using an input magneto-
spheric structure, low-frequency observations can therefore be used to constrain the
coronal volume where conditions are favourable for the ECMI to take place (Llama
et al., 2018; Jaeger et al., 2011). For gyrosynchrotron emission, the high-frequency
regime is typically characterised by a power-law spectral energy distribution (SED),
where it is difficult but not impossible to uniquely constrain coronal magnetic field
strength, electron density, and other coronal parameters (Metodieva et al., 2017,
Lynch et al., 2016, 2015; Ravi et al., 2011; Burgasser & Putman, 2005). However,
at low frequencies the SED transitions to the optically-thick regime, which, when
coupled with high-frequency measurements, allows coronal properties to be deter-
mined.

Previous low-frequency studies of UCDs include that by Jaeger et al. (2011), who
observed two UCDs with the VLA at 325 MHz, and placed 2.50 upper limits around
0.8mJy, and Burningham et al. (2016), who observed three nearby UCDs with
LOFAR at around 140 MHz, placing 3¢ upper limits around 0.7 mJy. Unfortunately
these limits are not deep enough to provide meaningful constraints on the SEDs of
the observed UCDs. Other low-frequency studies of UCDs at low frequencies include
a non-detection of TVLM 513—46 at 608 and 1388 MHz by Antonova (2007); and a
survey of eight UCDs at 618 and 1288 MHz by George (2009). Both of these used the
Giant Metrewave Radio Telescope (GMRT), and the results were not published in
the peer-reviewed literature. In this paper, we present new observations of two UCDs
observed at 608 and 1388 MHz with the GMRT taken in 2016. We also present a re-
analysis of the 618 and 1288 MHz GMRT observations of eight UCDs first presented
in George (2009). For simplicity, where appropriate we will collectively refer to the
set of observations taken at 1288 and 1388 MHz as the 1300 MHz observations, and
similarly we will refer to the observations taken at 618 and 608 MHz as the 610 MHz
observations.
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2.3 Observations

2.3.1 Target selection and description

The UCDs we observed during the 2016 campaign (2MASS J15010818+-2250020
and 2MASS J13142039+1320011) were selected on the basis of exhibiting sta-
ble radio emission over many years. For the 2008 observations first pre-
sented by George (2009), the selected UCDs were a sample of nearby L-dwarfs,
as well as the MS8.5 dwarf 2MASS J15010818+4-2250020, and the T6.5 dwarf
2MASS J00345157+0523050. Basic properties of the target UCDs, including the
updated coordinates given the proper motion of each UCD, are given in Table 2.1.
We give a very brief description of each source below.

2MASS J13142039+1320011 (also known as NLTT 33370 and
LSPM J1314+1320; hereafter J131441320): this is a binary system consisting of a
blended spectral type M7.0e (Law et al., 2006). Its distance of 17.249 + 0.013 pc
determined by Forbrich et al. (2016) using very long baseline interferometry. It is
the most radio-luminous UCD, and has been the subject of many detailed studies at
radio frequencies, for example by McLean et al. (2011) and Williams et al. (2015a).

2MASS J15010818+2250020 (otherwise known as TVLM 0513—46546; here-
after TVLM 513—46): this is an M8.5 dwarf at a distance of 10.762 £+ 0.027 pc
(Forbrich et al., 2013). Like J1314+1320, it has been the subject of many studies
at radio frequencies (e.g. Osten et al., 2006; Lynch et al., 2015; Williams et al.,
2015b), which have revealed both periodic and stochastic flares, as well as quiescent
emission observed between ~ 1 and 100 GHz.

2MASS J03140344+1603056 (hereafter 2M 0314+16): this L0.0 dwarf is at a
distance of 13.62 4 0.05 pc (Gaia Collaboration et al., 2018). An upper limit on its
8.46 GHz radio luminosity was placed by McLean et al. (2012).

2MASS J07464256+2000321 (hereafter 2M 0746+20): this is a near-equal
mass binary system of spectral type 1.0.5 at a distance 12.21 £+ 0.04pc (Faherty
et al., 2009). It was first detected at radio frequencies by Antonova et al. (2008), and
follow-up studies have detected quiescent and periodic pulsating emission (Berger
et al., 2009; Lynch et al., 2015).

2MASS J08283419—-1309198 (hereafter 2M 0828—13): this L2.0 dwarf is at
a distance of 11.69 + 0.02pc (Gaia Collaboration et al., 2018). Upper limits on
its radio luminosity have been placed by Antonova et al. (2013) and McLean et al.
(2012) at 4.9 and 8.4 GHz respectively.

2MASS J00361617+1821104 (hereafter 2M 0036+18): this is an L3.5 dwarf
at a distance of 8.74 £ 0.01 pc (Gaia Collaboration et al., 2018). It is a well-studied
object at radio frequencies, having been detected, for example, by Berger (2002),
Berger et al. (2005), and Metodieva et al. (2017).

2MASS J03552337+1133437 (hereafter 2M 0355+11): this L6 dwarf is at a
distance of 9.12 £ 0.06 pc (Gaia Collaboration et al., 2018). An upper limit on its
radio luminosity was placed by Antonova et al. (2013).

2MASS J04234858—-0414035 (hereafter 2M 0423—04): this is a binary system
consisting of an L6.5 and a T2 dwarf (Dupuy & Liu, 2012) at a distance of 14.7 £
0.3 pc (Gaia Collaboration et al., 2018). Radio pulses from this object were detected
by Kao et al. (2016).
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2MASS J Short Name SpT Epoch RA (h:m:s) Dec (dim:s)  Distance (pc)  Reference
| r_
13142039+1320011 J1314+1320 M7.0e ;812_8;_(1)? 13:14:20.1  4+13:19:57.9 17.249 4+ 0.013 F16

2016-09-25  15:01:08.1  422:50:01.1
150108184-2250020 TVLM 513—46 MS8.5 2016-08-18  15:01:08.1  422:50:01.1 10.762 +£ 0.027 F13
2008-01-19  15:01:08.2  +22:50:01.7

031403444-1603056  2M 0314+16 L0.0 ;882:8}:;? 03:14:03.3  +16:03:05.1  13.62 £ 0.05 GDR2
2008-01-21

07464256+2000321  2M 0746420 L0.5 92008-01-19 07:46:42.3  +20:00:31.5  12.21 £ 0.04 F09
2008-01-21

08283419—1309198  2M 0828—13 L2.0 9008-01-19 08:28:33.9  —13:09:19.6  11.69 £ 0.02 GDR2
2008-01-28

00361617+1821104  2M 0036+18 L3.5 92008-01-22 00:36:16.6 ~ +18:21:11.4 8.74 £ 0.01 GDR2
2008-01-26

03552337+1133437  2M 0355+11 L6 9008-01-25 03:55:23.5  +11:33:38.6 9.12 £ 0.06 GDR2

. . 2008-01-24 ) . .

04234858—0414035  2M 0423—-04 L7.5 92008-01-18 04:23:48.6  —04:14:03.5 14.7 £0.3 GDR2
2008-01-28

00345157+0523050  2M 0034405 T6.5 92008-01-22 00:34:51.9  +05:23:06.4 9.5+ 0.7 F12

Table 2.1: Properties of the UCDs analysed in this work. From left to right, the
columns indicate: the UCD 2MASS name; the shortened name adopted for this
work; spectral type (SpT); the observation epoch UT date; J2000 right ascension
and declination at each epoch; distance; and the reference used for the distance,
and to calculate updated coordinates. These references are: F16: Forbrich et al.
(2016); F13: Forbrich et al. (2013); GDR2: Gaia Collaboration et al. (2018); F12:
Faherty et al. (2012)

2MASS J00345157+0523050 (hereafter 2M 00344-05): this is a T6.5 dwarf at
a distance of 9.5+ 0.7 pc (Faherty et al., 2012). No radio observations of this object
are reported in the literature to date.

2.3.2 Observing strategy

We observed J1314+4-1320 and TVLM 513—46 with the GMRT in a campaign span-
ning from May — September 2016. We conducted observations at two central observ-
ing frequencies — 1388 MHz and 608 MHz — each with an instantaneous bandwidth
of 33.3 MHz. These observations were taken using the GMRT Software Backend
(GSB). We observed the primary calibrators in scans lasting approximately 15 min-
utes at the beginning and end of each observation. Scans centred on the target object
lasted approximately 30 minutes and were interleaved between 5-minute duration
scans on the secondary calibrator. Primary instrumental polarisation products were
recorded. Note that the GMRT feeds in the L-band (v = 1 — 1.45 GHz) receiver are
linear, and all feeds in lower frequency receivers are circular. In practice, this means
that XX and YY instrumental polarisations were recorded for 1300 MHz, where as
the 618 MHz observations have RR and LL instrumental polarisations.

In addition, we also re-analysed observations of eight UCDs presented in the PhD
thesis of George (2009). These observations were carried out in January 2008 using
the GMRT Hardware Backend (GHB). Similarly to our 2016 observations, each
UCD was observed at 1288 MHz and 618 MHz. polarisation products were recorded
in GHB USB-Polar mode, where RR and LL (618 MHz; circular feeds) or XX and
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Name Observation start (UT) v (MHz) 7(h) Primary calibrator Secondary calibrator
2016-05-19 13:00:18 1388  4.85
J3L4+1320 Do oo s 51 3C 286 J1309+1104
2016-09-25 12:05:00 1388  3.97 3C 286
TVLM 513—46  2016-08-18 12:50:03 608 2.60 3C 468 15134236
2008-01-19 12:00:00 1288  5.43 3C 147
2008-01-26 14:48:04 1288  1.05
AMOSIAHG 90080195 11:13:00 618 2.55 8 T 0321 +123
/ 2008-01-21 14:04:33 618 3.03
AMOTHOE20 90080119 14:10:23 1288 2.54 8¢ T OTss T
2008-01-21 18:29:04 618 265
AMOS28-13 - 9008-01-19 17:56:02 1288 2.62 8¢ T 0902142
/ 2008-01-28 09:15:45 618 167
AMO0S6HS 90080192 07:33:27 1288 2.52 B a8 0029:+349
/ 2008-01-26 10:18:47 1288  1.99
AMOSESHL 90080195 11:21:23 618 255 B a8 0321 +123
2008-01-24 13:19:50 618 352
AMOA25-04 9008-01-18 13:56:33 1288  1.87 0T 0423-013
IM 0034+05 0o 0128 121857 o8 37 3C 48 0022-+002

2008-01-22 11:29:26 1288 2.54

Table 2.2: Summary of observations presented in this work. Left to right, the
columns indicate: the shortened name (as in Table 2.1); the observation start
time; central observing frequency v; total time spent on-source 7; the primary
calibrator, and secondary calibrator used during observations.

YY (1288 MHz; linear feeds) correlations were both recorded only in the upper
16 MHz of the available bandwidth, and stored in separate 1ta files. The observing
strategy for these observations was very similar to our observing strategy for the
2016 observations.

The details of all observations analysed in this work, including the observing

frequency, the total time spent on source, and the calibrator sources used, are listed
in Table 2.2.

2.4 Data Reduction

We calibrated and imaged the data using the Source Peeling and Atmospheric Mod-
eling (SPAM) Pipeline (Intema, 2014; Intema et al., 2009). A detailed description of
the SPAM pipeline is given by Intema et al. (2017), but we include a brief description
of the pipeline here for completeness. In the first stage of the SPAM pipeline (the
‘pre-calibration’ stage), we performed basic iterative RFI excision, bandpass and
complex gain calibration, and flux density scaling. Following this, we performed
several rounds of phase-only self-calibration, using an input sky model as an ap-
proximate flux density and astrometric reference. We imaged the target field using
several facets to account for wide-field imaging effects, and applied several RFT exci-
sion routines to the data between rounds of self-calibration and imaging. Following
self-calibration, we performed source peeling, and in case of improved signal-to-
noise, we saved the self-calibration solutions in facets containing the peeled sources.
Following the peeling procedure for the brightest field sources, we used the derived
solutions to model the time-dependent ionospheric phase delay across the field of
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view. We subtracted the modelled phase delays from the visibilities, before perform-
ing additional rounds of self-calibration to correct any residual phase variations.

We applied the SPAM pipeline to all observations to produce Stokes I continuum
images, as well as images for the primary instrumental polarisations. In the case
of the archival observations, each instrumental polarisation was stored in separate
1ta files. We processed each instrumental polarisation separately with SPAM, but
supplied a sky model when processing the LL (YY) polarisation, by running the
AEGEAN source finder (Hancock et al., 2018, 2012) on the RR (XX) primary beam-
corrected image produced by SPAM at 618 MHz (1288 MHz). This step is justified
given that the majority of compact radio continuum sources are unpolarised, mean-
ing that flux densities of most sources from the LL /XX image should be consistent
with the RR/YY image. We found that performing this step improved the qual-
ity of phase calibrations in some LL data, and at worst did not cause noticeable
degradation of the quality of the calibration solutions. Similar phase calibration
issues were not identified in the RR data, which is why we chose to calibrate the
LL data using the sky model created with RR images. Stokes I continuum images
were produced by simply co-adding the images produced for each of the primary
instrumental polarisations.

In the 1300 MHz observations (both from 2008 and 2016), there were not enough
bright sources in the smaller fields of view to successfully perform the peeling routine
with SPAM. In this case, we disabled the peeling process with SPAM. We note that
this is not likely to have a significant impact on the quality of the overall calibration,
because ionospheric effects are not as significant at frequencies around and higher
than 1300 MHz.

In the case of the 2016 observations, we produced Stokes I continuum images
directly. If a UCD was detected in the 608 MHz Stokes I images, we split the corre-
sponding LL and RR instrumental polarisations into separate files after the SPAM
‘pre-calibration’” stage. UCDs are well known to exhibit highly polarised bursts of
radio emission. To determine if any of the detected UCDs were significantly circu-
larly polarised, we processed the RR and LL instrumental polarisations individually
with SPAM. We used the method implementing a sky model with SPAM as out-
lined above, but for the 2016 observations the sky model was produced from the full
Stokes I continuum image rather than a single instrumental polarisation.

All observations were imaged with robust weighting. The centrally condensed
GMRT array can lead to strong, broad sidelobes around bright sources in the field.
We set the briggs parameter to —1, being closer to uniform weighting, therefore
reducing the impact of sidelobe confusion and large-scale sidelobe artefacts in the
final images.

2.5 Results

2.5.1 Non-flaring emission

In each of the continuum images, we used CASA task imfit to determine the in-
tegrated flux density at the expected location of each UCD, given measurements
of proper motion reported in the literature. In the case of a detection, we report
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Flux Density (Jy/beam)
Dec (J2000)

24.00s 22.00s 20.00s 18.00s  1:3h14m16.00s 24.00s 22.00s 20.00s 18.00s  13h14m16.00s
RA (J2000) RA (J2000)

Figure 2.1: Postage stamp images of J1314+1320, in LL (left sub-figure) and RR
(right sub-figure) instrumental polarisations, at an observing frequncy of 608 MHz.
The expected location of the UCD, given its proper motion, is indicated by the
red crosshairs. The shape of the synthesised beam is indicated by the red ellipse
in the lower left corner. A detection of a point source at the expected location of
J13144-1320 is clear in both the LL and RR images.
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Figure 2.2: Same as Figure 2.1, but for 2M 0746+20 at 618 MHz. The high
degree of left-circular polarisation is revealed by the strong detection (4814+69 uJy)
in the LL instrumental polarisation, and non-detection in RR, with a 3o upper
limit of 241 uJy.
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Name Se10 S1300 Tye610 Ty, 1300
(ply) (ply) (10"K) (10"K)

J1314+1320 391£26 908+£65 19£1 88=+£06

a <1940 a <085
TVLM513-46 <148~ . <28  _ . o
oM 0314+16 <200 <728  <6.3 <5.1

2M 0746+20 319£58 3556£65 80=£15 20+04
2M 0828—-13 < 160 < 165 < 3.7 < 0.85

2M 0036-+18 < 800 < 1040 < 10 < 3.0
2M 0355+11 < 184 < 1020 < 2.6 < 3.2
2M 0423—-04 < 150 < 1360 < 9.5 <11

2M 0034-+05 < 245 < 243 < 3.8 < 0.83

Table 2.3: Summary of detections and 3o upper limits of the observed UCDs.
Left to right, the columns indicate the shortened UCD name; the flux density at
610 MHz; flux density at 1300 MHz; and the corresponding brightness tempera-
tures at 610 and 1300 MHz. Notes: (a): Epoch 2016-08-18; (b): Epoch 2008-01-19;
(c): Epoch 2016-09-25

uncertainties in flux density as computed in the imfit process. Where there was
no detection, we calculated the RMS noise in the local region around the UCD
using CASA task imstat, and used this to set 30 upper limits on the flux density.
A summary of the results for non-flaring emission for each UCD is given in Ta-
ble 2.3. Of the nine UCDs, we detect radio emission from two: J1314+1320, and
2M 0746+20. These objects are detected both at ~ 610 and 1300 MHz. Postage-
stamp images showing the detections of J1314+1320 and 2M 0746420 at 610 MHz,
in LL and RR instrumental polarisations, are shown in Figures 2.1 (J1314+1320)
and 2.2 (2M 0746-+20).

2.5.2 Variable emission

To search for any variable or flaring emission, we imported the SPAM-calibrated
Stokes I visibilities into CASA v5.1.2 (McMullin et al., 2007) and imaged the full
length of the observations. We subtracted the CLEAN model components for all
field sources except for the target UCD from the visibilities using CASA task uvsub.
We imaged the residual uv-subtracted data on 2, 5, and 10-minute time-scales using
CASA task tclean. Similarly to the continuum images we produced using SPAM,
we produced short-time-scale images using robust weighting with a briggs factor of
—1. We created light-curves by taking the peak flux density in a box centred at the
expected location of each UCD, with dimensions equal to 2.5 times the semi-major
axis of the restoring beam in the image. The dimensions of the fitting box were
slightly enlarged to account for any potential spurious astrometric offsets produced
during SPAM processing. We calculated the local RMS noise by taking the standard



40 CHAPTER 2. GMRT OBSERVATIONS OF ULTRA-COOL DWARFS

deviation in a large box around the expected location of the source, clipping out
pixels with flux densities deviating by more than 30, and evaluating the standard
deviation of the residual pixels. We set a detection threshold of 5o for any flaring or
variable emission. We did not find any emission above this threshold over 2, 5, and
10-minute time-scales, indicating a lack of flaring activity of these UCDs at these
frequencies, at levels above a few millijanskys. We did not fold the light-curves at the
expected rotational period of each UCD. This is because our observations are only
long enough to cover approximately two periods at best, meaning that phase-folding
only provides a modest gain in sensitivity.

2.5.3 Characterising the radio emission
Brightness temperatures

To further characterise the observed radio emission, we calculated the corresponding
brightness temperatures using the expression

S, v \2/d\( R\’
— 9 v K
Ty=25x10 (mJy> (GHz) (pc) <RJup> 7 (2.1)

with flux density S, at frequency v, measured from a source of distance d, and emis-
sion region of radius R. Here, Ry,, = 7.0 x 10 cm is the radius of Jupiter, which is
thought to be the typical radius of UCDs (Burrows et al., 2001). There have been
no direct measurements of the radio emission region size of UCDs. We therefore
adopted an emission region radius of 2 R, (= 2 Rjyp), thought to be the size of M-
type stellar coronae (Leto et al., 2000). We find that the measured flux densities and
upper limits yield brightness temperatures in the range of (0.76 — 19) x 10'° K. For
the detected UCDs, these brightness temperatures rule out thermal bremsstrahlung
emission as the source of the radio emission, favouring non-thermal emission pro-
cesses instead. In a following section (Section 2.5.4), we describe modelling of the
corona of J131441320. When performing this modelling, we allowed the total radio
emission region size L (where L = 2R) to vary between 1.0—12.0 R,. Adopting these
values alters the brightness temperatures by factors between 16 and 1/9 relative to
our brightness temperature calculated with R = 2 R,. Regardless, the brightness
temperatures of the detected UCDs remain greater than 2.2 x 10° K, inconsistent
with thermal emission.

Polarisation

For the detections made at 610 MHz, we were able to determine the degree of circular
polarisation by calibrating and imaging the LL. and RR instrumental polarisations
independently, as described in Section 2.4. Because SPAM does not perform any
polarisation calibration, our detections may be subject to leakage on the order of
5% (Farnes, 2014). We used CASA task imfit to determine the flux density of the
target source in each instrumental polarisation.

For J1314+1320, we find that the LL flux density at 608 MHz is 357 + 44 uJy,
and the RR flux density is 523 4+ 46 uJy. Because our target source is close to the
phase centre, the corresponding leakage should be relatively small (Farnes, 2014).
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To estimate the polarisation leakage, we measured the flux density of two nearby
bright sources in the LL. and RR images. Using these flux densities, we calculated
polarisation fractions of 2 + 2%. We add a conservative leakage estimate of 5% in
quadrature with the relevant measurement uncertainties. This implies a circular
polarisation fraction 7, = (Srr — Sir)/(Srr + Sir) of +19 + 12%. Here, Sgr and
Spr, are the RR and LL flux densities, respectively.

For 2M 0746+20, we measure a flux density in the 618 MHz LL instrumental
polarisation of 481 + 69 uJy, but in RR, we make no detection, with a 30 upper
limit of 241 uJy. We calculate a 30 upper limit on the polarisation fraction as
follows. We take the 30 upper limit of 241 pJy as the fiducial measured value of the
RR flux density, for the purpose of calculating the appropriate uncertainty only. We
then apply standard error propagation using the measured uncertainties and flux
densities to calculate an uncertainty in the fiducial polarisation fraction of 24.5%.
Multiplying this by —3 (where the minus sign indicates a left-handed sense of circular
polarisation, following convention) gives a 3¢ upper limit of 7. < —76%. We note
that because there is no detection in the RR instrumental polarisation, there is no
need to take leakage into account for this lower limit.

Radio emission mechanism

As mentioned in Section 2.5.3, the high brightness temperatures of the detected
UCDs rule out thermal emission being responsible for the observed radio emission.
However, they do not exceed the 102K limit for the inverse-Compton catastrophe
(Kellermann & Pauliny-Toth, 1969). Although some (e.g. Hallinan et al., 2008)
have argued that steady emission from UCDs may be generated by the ECMI, the
inferred brightness temperatures do not favour coherent emission processes (unless
the source size has been over-estimated). We therefore cannot rule out incoherent
emission processes such as gyrosynchrotron radiation from a non-thermal electron
population.

For J1314+1320, the modest level of circular polarisation (approximately 19%)
also disfavours coherent emission processes which can have polarisation fractions
up to 100%. Furthermore, the detection of persistent radio emission across a very
broad frequency range, from 608 MHz to 22.5 GHz (McLean et al., 2011) suggests
that the ECMI is not the source of the observed emission, since ECMI emission is
expected to be strongly peaked around the cyclotron frequency and its harmonics,
with a sharp spectral cut-offs. Finally, the positive spectral index at low frequencies
is suggestive of optically-thick gyrosynchrotron radiation, and we conclude that this
is likely to be the source of the persistent emission observed from this source.

For 2M 0746+20, the upper limit on the fractional circular polarisation of —76%
is quite strong, but is still consistent with gyrosynchrotron radiation (e.g. Dulk,
1985; Pandya et al., 2016). The perceived lack of variability, along with the broad
frequency range over which flux densities have been recorded (610 MHz to 8.5 GHz)
do not favour ECMI as the emission source. Therefore, we conclude that these obser-
vations mildly favour gyrosynchrotron radiation as the emission mechanism, though
we cannot strongly rule out ECMI as being the emission mechanism, primarily due
to the strong upper limit of fractional circular polarisation 7. < —74%. Future
broad-band, simultaneous radio observations of this star would assist in clarifying
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Figure 2.3: Non-simultaneous SED of 2M 0746420, with flux densities as mea-
sured in this work, and taken from Antonova et al. (2008); Berger (2006); Berger
et al. (2009), and Lynch et al. (2015). A high degree of long-term variability at
high frequencies, along with an unclear turnover frequency, means that we cannot
use the spectral turnover frequency as an additional constraint on the coronal
parameters of this UCD. We therefore do not attempt to model the coronal pa-
rameters of this UCD.

the nature of its radio emission mechanism.

2.5.4 Coronal modelling

The flux density measurements across the SED of each UCD are non-simultaneous,
with gaps of months or years between individual observations. It is well-known
that the non-flaring emission from UCDs can vary significantly over long time-scales
(e.g Antonova et al., 2007). Therefore, care should be taken when estimating coro-
nal properties of UCDs using non-simultaneous spectral flux density measurements.
Figure 2.3 shows that the spectral flux densities of 2M J0746+420 vary by factors of a
few over long time-scales. Moreover, while our low-frequency flux density measure-
ments hint at a rising spectrum (increasing flux density with increasing observing
frequency), the location of the turnover frequency is not clear. For instance, the
difference in flux densities at 618 and 1288 MHz is sufficiently small to be fully ex-
plained by long-term variability of the quiescent emission. We therefore cannot use
the spectral turnover frequency as an additional constraint on this UCD’s coronal
properties, and so we refrain from modelling its coronal properties in this work.
On the other hand, as shown in Figure 2.4, long-term variability of the persis-
tent emission from J1314+1320 appears to be more mild than that of 2M 0746+20.
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Figure 2.4: Non-simultaneous SED of J131441320, with flux densities as mea-
sured in this work, and taken from McLean et al. (2011); Williams et al. (2015a)
and Metodieva et al. (2017). Using these measurements, we produced model
gyrosynchrotron SEDs, varying the radio emission region size L, electron energy
power-law index J, coronal magnetic field strength B, and electron number density
N.. Some example model SEDs for coronal parameters consistent with the ob-
served flux densities are shown as blue, orange, and green solid lines. Respectively,
these correspond to coronal parameters of: L =5.0R,,0 =191, B=15G, N, =
2 x 108cm™3 (blue); L = 8.0R,,6 = 2.19,B = 28G, N, = 9 x 107cm ™ (or-
ange); L = 11.0R,,6 = 1.47,B = 18.0G, N, = 4 x 10*cm™3 (green). These
example model SEDs are qualitatively consistent with the observed spectral flux

densities, and illustrate that a wide range of coronal parameters are plausible for
J13144-1320.
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Figure 2.5: Representative plots showing regions of N, and B parameter space
consistent with criteria on the spectral turnover of J1314+1320 being close to
2.2 GHz, and 5 GHz flux density around 1mJy. The region of parameter space
where the two sets of contours overlap is where the parameters are consistent
with our observations. The shaded contours represent turnover frequencies and
5 GHz flux densities for L = 5.0 Ry, athin = —0.5; L = 8.0 Ry, atpin = —0.75;
L =11.0 Rs, aghin = —0.1 from top to bottom, respectively.
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Work | ounick Qlthin Spe (mJy) v, (GHz)

MI17 |1.047015 —0.907037 1577018 2.367030
W15 [1.017975 0.00+0.02 1.36 £0.03 2.1703
M1l [1.0+£0.1 —0.1040.03 1.21 £ 0.04 1.93%51$

All data|1.0 +0.1 —0.17 £ 0.02 1.52 + 0.03 2.30*318

Table 2.4: Results from the MCMC fit of a broken power-law to the non-
simultaneous flux density measurements across the SED of J1314+1320. Each
row indicates the results from a fit to the low frequency GMRT measurements
paired with the measurements from the works cited in the first column. The final
row shows the results from combining all measurements to use in MCMC fitting.
From left to right, the columns indicate the work where measurements are taken
from; the optically thick (low-frequency) spectral index (aypick); the optically-thin
(high-frequency) spectral index (ctpin); the flux density at the spectral turnover
Shr; and the spectral turnover frequency vy,,.. Works used: M17: Metodieva et al.
(2017); W15: Williams et al. (2015a); M11: McLean et al. (2011)

Additionally, the 608 MHz flux density unambiguously shows a rising spectrum at
low frequencies. These features allow us to make order-of-magnitude estimates of
the coronal properties of J1314+1320. Nonetheless, because of the uncertainty in-
troduced by long-term variability, we used a simple coronal model, containing a
uniform power-law electron density within a homogeneous magnetic field. We used
the expressions for gyrosynchrotron emission and absorption coefficients given in
Robinson & Melrose (1984) for a population of electrons with a power-law energy
distribution of the form

Ne(y) = No(6 — 1) By~ (v — 1)°, (2.2)

where v is the electron Lorentz factor, ¢ is the electron power-law index,
Ny = floo N(v)dy is the total non-thermal electron population, and Ej is the low-
energy cutoff (N(y) = 0 when (y — 1) < Ej). We performed radiative transfer simu-
lations by calculating the emission and absorption coefficients along the propagation
paths to calculate the corresponding spectral flux density for a given choice of model
parameters. We varied the coronal magnetic field strength B, electron number den-
sity N., and emission region size L of the toy model. Note that ¢ depends on the
optically-thin spectral index ayy;, through

Cinin — 1.22

5=
0.9 ’

(2.3)
(Dulk, 1985). Figure 2.4 shows that the optically-thin spectral index of J1314+1320
varies over long timescales. Therefore, we also varied the electron power-law index
0 in the radiative transfer modelling. We found that the modelled flux densities
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depend weakly on the viewing angle 6 between the line of sight and the magnetic
field, for values between 10 — 80°. Therefore, to simplify the modelling procedure,
we chose to keep 6 fixed at 25°, within the range of acceptable values reported by
Metodieva et al. (2017), ignoring the sense of polarisation.

We empirically determined the spectral turnover frequency by running a Markov
Chain Monte Carlo (MCMC) sampler, from the EMCEE package (Foreman-Mackey
et al., 2013), to fit a broken power law of the form

 Sr (1] vy ) Xeviex if v <y,
Sv = { Spr (V[ Uy ) thin if v > 1, (2:4)

where aypicx is the optically-thick spectral index, and Sy, is the flux density at the
spectral break frequency 1y, representing the transition frequency from optically
thick to optically thin emission. We used a uniform prior on the break frequency,
setting bounds of 1.0 < 1, < 4.86 GHz.

We fit the broken power law to the flux density measurements reported in this
work, and from Metodieva et al. (2017), Williams et al. (2015a), and McLean et al.
(2011). Because the measurements reported in Metodieva et al. (2017) and Williams
et al. (2015a) were taken simultaneously, we paired our low-frequency measurements
with the measurements from these two works, as well as from McLean et al. (2011),
separately. We fit the data independently for each pairing, as well as producing
an overall fit using all measurements. This enabled us to account for long-term
spectral variability in our analysis. The best-fitting parameters using measurements
from each work are given in Table 2.4.

To qualitatively assess the goodness of fit of a model to the measured flux den-
sities, we allow models that give turnover frequencies between 1.8 and 2.6 GHgz,
corresponding with the extreme upper and lower bounds of all measurements of 1,,.
The modelled turnover frequencies were determined by finding where the optical
depth was equal to 1. For comparison of our modelled flux densities to the measure-
ments at around 5 GHz, we allow models producing 5 GHz flux densities between
0.7 and 1.4 mJy. We chose not to compare the model to our low-frequency measure-
ments because the numerical expressions for emission and absorption coefficients
given in Robinson & Melrose (1984) break down when the ratio of the observing
frequency to the plasma cyclotron frequency is of order unity or less. This occurs
for observing frequencies of a few hundred megahertz, with magnetic field strengths
of a few hundred gauss.

Some representative plots showing regions of parameter space agreeing with our
criteria on the turnover frequency and 5 GHz flux density are shown in Figure 2.5.
For a fixed value of emission region size L and electron power-law index ¢ we are
able to constrain N, and B to within one or two orders of magnitude. However,
these constraints on N, and B are sensitive to the choice of L and ¢, so overall we
are only able to constrain these parameters to a wide range. For an emission size
3.0< L <12.0R, and 1.36 < § < 2.47 (corresponding to —1.0 < i < 0.0), we are
able to constrain 1 < B < 90G and 4 < log(N,) < 10. These results are consistent
with those found by Metodieva et al. (2017). We find that for L < 3 R,, B < 1 G and
log(N,) > 8, which we rule out as physically unrealistic parameter combinations.
Our parameter estimates are clearly degenerate — general trends we find between the
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parameters are that larger emission region sizes and shallower spectral indices tend to
correspond with higher magnetic field strengths and lower electron number density.
Some example model SEDs for coronal parameters consistent with the observed
spectral flux densities are shown overlaid with the flux density measurements in
Figure 2.4. Our results none the less re-illustrate (as in Metodieva et al. 2017)
that precise coronal parameters can be determined with simultaneous low and high-
frequency radio measurements, and if the source emission size can be determined
independently.

2.6 Summary and future work

We have analysed observations of nine UCDs at ~ 610 and 1300 MHz taken with
the GMRT, in order to characterise the low-frequency radio emission of UCDs. We
find no evidence for flaring activity at a level above a few millijanskys. However, we
observe persistent radio emission from J1314+1320 and 2M 0746420 at ~ 610 and
1300 MHz, making these the lowest-frequency detections of these sources to date.
We find no evidence for significant variability of the persistent emission.

The high brightness temperature and moderate polarisation indicate that gyrosyn-
chrotron radiation from a power-law distribution of mildly-relativistic electrons is
the most likely source of the radio emission observed from these UCDs. We apply
radiative transfer modelling to J1314+1320, using the expressions for the emission
and absorption coefficients for gyrosynchrotron radiation from Robinson & Melrose
(1984). The resulting estimates of coronal magnetic field strength and electron den-
sity are highly degenerate with emission region sise and electron power-law index,
but are none the less consistent with those presented in Metodieva et al. (2017).
Future simultaneous observations with a low-frequency array (such as the upgraded
GMRT, now with 300 MHz instantaneous bandwidth), and high-frequency array
(e.g. the Karl G. Jansky Very Large Array or Australia Telescope Compact Array)
will obtain instantaneous snapshots covering the optically thick and thin parts of
the SED, yielding more accurate estimates of coronal properties responsible for the
radio emission.
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3.1 Abstract

Active M-dwarfs are known to produce bursty radio emission, and multi-wavelength
studies have shown that Solar-like magnetic activity occurs in these stars. However,
coherent bursts from active M-dwarfs have often been difficult to interpret in the
Solar activity paradigm. We present Australian Square Array Pathfinder (ASKAP)
observations of UV Ceti at a central frequency of 888 MHz. We detect several
periodic, coherent pulses occurring over a timescale consistent with the rotational
period of UV Ceti. The properties of the pulsed emission show that they originate
from the electron cyclotron maser instability, in a cavity ~ 7 orders of magnitude
less dense than the mean coronal density at the estimated source altitude. These
results confirm that auroral activity can occur in active M-dwarfs, suggesting that
these stars mark the beginning of the transition from Solar-like to auroral mag-
netospheric behaviour. These results demonstrate the capabilities of ASKAP for
detecting polarised, coherent bursts from active stars and other systems.
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3.2 Introduction

Magnetic reconnection events in stellar atmospheres drive powerful flare events caus-
ing sudden increases in luminosity from radio through to X-ray bands. Usually these
occur in M dwarf stars, and the activity is caused by strong (kilogauss) magnetic
fields (Johns-Krull & Valenti, 1996) that can produce flare energies up to 10% times
that of the Sun (Haisch, 1989). Radio observations of flare stars were first performed
in 1958 at megahertz frequencies (Lovell, 1964a), followed by a shift to gigahertz
frequencies during the following decades.

Below 5 GHz, radio emission from active M-dwarfs is dominated by coherent
emission generated by instabilities in the electron velocity distribution (Dulk, 1985;
Bastian, 1990; Melrose, 2017). This coherent emission can be used to probe features
such as the structure of the electron velocity distributions (Melrose & Dulk, 1993),
and other properties of the emission region such as the density and magnetic field
strength (Dulk, 1985; Benz & Giidel, 2010).

UV Ceti is the prototype source of the flare star class (spectral type M5.5), and
is part of a binary star system located at a distance of 2.7 pc (Gaia Collaboration
et al., 2018). Radio emission from UV Ceti was first reported by Lovell (1963)
at a frequency of 240 MHz with flares lasting for 1-10s of minutes that occurred
coincidentally with minor optical flares. Subsequent studies, mostly at megahertz
frequencies, linked radio flares to flares seen at optical wavelengths, with radio emis-
sion following optical outbursts by tens of minutes (Lovell, 1964b; Lovell et al., 1974;
Nelson et al., 1979).

With the advent of modern radio interferometers, observations at gigahertz fre-
quencies became dominant in the following decades. Quiescent emission from
UV Ceti was detected at millijansky levels at 4.9 GHz, along with a fractional
circular polarisation value of 30-50% (Linsky & Gary, 1983). The first dynamic
spectra of stellar flares other than those from the Sun were obtained by Bastian &
Bookbinder (1987) by observing two flares from UV Ceti at 1.4 GHz, each lasting
for approximately 10 minutes with peak flux densities of 200 and 100 mJy. The two
coherent flares detected were highly circularly polarised (100 and 70%) with one
flare showing evidence of variation within the 41 MHz bandwidth (also see Jackson
et al. 1987 for further dynamic spectra).

The longest continuous interferometric observation of UV Ceti was taken by
Guedel et al. (1996) for ~9 h on two occasions at 4.9 and 8.5 GHz, with simul-
taneous coverage in soft X-rays. The authors found several weakly polarised radio
events that began within a few minutes of X-ray flares and then peaked and de-
cayed as the X-ray flares developed gradually, suggesting that the magnetic activity
on M-dwarfs is analogous to Solar activity.

Most recently, Lynch et al. (2017) observed UV Ceti at 154 MHz detecting four
bursts each lasting ~30 min and flux densities of between 10-65 mJy. These bursts
were only detected in circular polarisation (as well as linear polarisation for the
brightest burst), and have estimated brightness temperatures between 10310 K.
These burst characteristics also led the authors to conclude that the emission was
due to the electron cyclotron maser instability, and that the bursts may occur peri-
odically on a time-scale consistent with the rotational period of UV Ceti. Villadsen
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Obs. Date Duration C. Freq. BW  Integration Num. of
(UTC) (h) (MHz) (MHz) Time (s) Antennas
2018 Oct 02 12:02 10 888 288 10 28
2019 Mar 07 01:41 10.5 888 288 10 33

Table 3.1: The details of the observations of UV Ceti with ASKAP used in
this work. ‘C. Freq.” is the central frequency of the observation and ‘BW’ is the
bandwidth.

& Hallinan (2019) have also recently reported the detection of several coherent
bursts from UV Ceti in wide-band dynamic spectra. Similarities in the complex
morphologies of bursts detected months apart led Villadsen & Hallinan (2019) to
suggest that these bursts may be due to periodic pulses of electron cyclotron maser
emission. Coherent bursts from active M-dwarfs have proven difficult to interpret
within the paradigm of Solar activity (Bastian, 1990; Villadsen & Hallinan, 2019),
but these recent results suggest that auroral processes, prevalent in brown dwarfs
(Pineda et al., 2017) and magnetised planets (Zarka, 1998) may also be relevant to
these stars.

In this paper we present results of two ~10 hr observations of UV Ceti, separated
by ~5 months, at 888 MHz using the Australian Square Kilometre Array Pathfinder
telescope (ASKAP; Johnston et al., 2008; DeBoer et al., 2009). We demonstrate the
variability and polarisation capabilities of the telescope by analysing the dynamic
spectra of each observation over the 288 MHz ASKAP bandwidth, where we detect
periodic coherent bursts associated with UV Ceti recurring on timescales consistent
with the rotational period of the star. We investigate the bursts to determine the
emission mechanism, and conclude that rotationally-modulated (i.e. pulsed) emis-
sion from the electron cyclotron maser instability is the most likely origin. We argue
that the time-frequency structure and polarisation properties of the pulses show that
they originate along localised magnetic loops within extreme density cavities in the
magnetosphere of UV Ceti.

Villadsen & Hallinan (2019) showed that the duty cycle of luminous coherent
bursts from active M-dwarfs peaks at 25% at 1-1.4 GHz, a frequency range that is
fully observable with ASKAP. This highlights the potential for numerous detections
of coherent bursts from active M-dwarfs in future surveys such as the ASKAP Vari-
ables and Slow Transients (VAST) survey (Murphy et al., 2013).The excellent data
quality from ASKAP will enable detailed analyses of these bursts, allowing these
surveys to probe the magnetospheric processes occurring in the population of active
M-dwarfs.

3.3 Observations & data reduction

We observed UV Ceti on two epochs (2018-10-02 and 2019-03-07) during ASKAP
commissioning tests, with details summarised in Table 3.1. We reduced the data us-
ing the Common Astronomy Software Applications package (CASA, McMullin et al.,
2007). We observed the primary calibrator PKS B1934 — 638 prior to each obser-
vation to calibrate the flux scale, the instrumental bandpass, and polarisation leak-
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Figure 3.1: Image showing the continuum field containing UV Ceti as observed
by ASKAP on 2019-03-07. Note that UV Ceti, which is shown centred in the
‘zoom-in‘ section of the map, has been excluded from the deconvolution process.
The synthesised beam is 1774 x 13”6 FWHM at a position angle of 83°. The image
peak flux density is 342 mJy beam ™! and the image RMS noise is 24 uJy beam ™
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age. On-dish calibrators were used to calibrate the frequency-dependent XY -phase
for the 2019-03-07 observation, allowing us to correct for leakage between Stokes
@ and V. The observation on 2018-10-02 was not configured to allow correction of
frequency-dependent XY -phase, which results in substantial leakage between Stokes
@ and Stokes V for this observation. We performed basic flagging to remove radio-
frequency interference that affected approximately 6% of the visibility data. We
shifted the phase centre of the 2018-10-02 visibility data to the pointing centre for
beam 20 (RA=01"39"47742 and Dec= —18°00'30”34) using the task fixvis. This
was not needed for the 2019-03-07 observation, because we enabled fringe tracking
per beam. For each observation, we performed an initial shallow stage of deconvolu-
tion using the clean task (with briggs weighting and a robustness of 0.5) to assess
phase stability. We used the task gaincal to perform phase-only self-calibration.
The resulting phase corrections were stable as a function of time with only slow
variations associated with the longest baselines.

We constructed a mask excluding a 1.5" square region centred on UV Ceti using
the initial field image. This allowed subsequent deconvolution to model the field
sources without removing the time- and frequency-dependent effects of UV Ceti.
We then performed a deep clean (20000 iterations) using this mask. We used the
multi-scale algorithm (with scales of 0, 5, and 15 pixels and a cell size of 2.5”)
to account for slightly extended sources and two Taylor terms to model sources
with non-flat spectra. We excluded baselines shorter than 200\ (~ 70m) to avoid
contamination from diffuse emission. Figure 3.1 shows the restored image of the
2019-03-07 observation that achieves a sensitivity of 24 uJybeam™! with a 17.4” x
13.6” restoring beam. UV Ceti is visible in the continuum image with a peak flux
density of 6.3mJybeam™".

To generate dynamic spectra for UV Ceti, we subtracted the Stokes I field model
from the Stokes I visibilities with the CASA task uvsub and then phase rotated from
the beam centre to the location of UV Ceti at the respective epochs based on GAIA
DR2 (RA= 0139058156 and Dec= —17°56'507021, Gaia Collaboration et al.,
2018) with the task fixvis. We baseline-averaged the subtracted visibilities, using
only baselines greater than 200 m to avoid contamination from diffuse emission, for
each of the instrumental polarisations.

To produce dynamic spectra for the four Stokes parameters (I, Q, U, V), we com-
bined the complex visibilities for each instrumental polarisation as follows:

[=(XX+YY)/2 (3.1)
Q=—(XY +YX)/2 (3.2)
U=—(XX-YY)/2 (3.3)
V=j(XY -YX)/2, (3.4)

where (XX, YY, XY, Y X) are the instrumental polarisations, and j is the imaginary
unit, /—1.

The unconventional definitions of Stokes parameters given above arise due to
the 45 degree angle of the X and Y feeds relative to the vertical axis at transit
(Sault, 2014) and other instrumental factors revealed during commissioning. With
the above definitions, the Stokes parameters follow the IAU standard of polarisation.
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We verified the polarisation properties of the array with a short observation of the
Vela pulsar with the same correlator settings as used in the UV Ceti observations.

Due to the lack of XY -phase calibration for the 2018-10-02 epoch, we can only
consider Stokes ) and V' in quadrature for this observation, i.e. /Q? + V2. Full
polarimetric calibration (leakage and frequency-dependent X'Y'-phase) for the obser-
vation on 2019-03-07 was possible, which enabled us to generate dynamic spectra for
each Stokes parameter. We also generated dynamic spectra of the total fractional
(elliptical) polarisation by computing

JETTIT s

1

fp:

for the dynamic spectra from both observing epochs. To avoid spuriously high
polarisation fractions generated by noise in the dynamic spectra, we masked any
values corresponding with Stokes I flux densities below a 40 threshold.

To increase the signal to noise in our dynamic spectra, we averaged over 4 fre-
quency channels, giving our dynamic spectra a resolution of 10s in time, and 4 MHz
in frequency. We calculated the RMS noise in our dynamic spectra by taking the
standard deviation of their imaginary parts for each Stokes parameter. The aver-

age RMS noise of the dynamic spectra across all Stokes parameters was 9.7 mJy for
2018-10-02, and 7.4 mJy for 2019-03-07.

3.4 Results

The dynamic spectra for the 2018-10-02 and 2019-03-07 epochs are shown in Figures
3.3 and 3.5 respectively, and their frequency-averaged light-curves are shown in
Figure 3.2. To measure the flux density uncertainties for each 10 s light-curve sample,
we took the standard deviation of the imaginary part of the complex light-curve.
We detect several highly polarised pulses in both observing epochs, with a peak
flux density in the dynamic spectra of 160 £+ 10mJy in the 2018-10-02 epoch, and
139.7 £ 7.6 mJy in the 2019-03-07 epoch.

3.4.1 Emission properties
2018-10-02: Temporal and spectral structure

We detected three pulses in the 2018-10-02 epoch: a faint pulse with a peak flux
density of 59 + 10 mJy (labelled 18-1A), followed by a 160 & 10 mJy pulse occurring
~ 45min after the first faint pulse (labelled 18-1B). Another 70 + 10mJy pulse
(labelled 18-1C) occurs ~ 5.4 h after 18-1A. In addition, the light-curve appears to
show the tail end of a pulse that peaked just before the observation started, and
about 5.4 hours before the tail of 18-1B. Hereafter, we refer to the pulses by their
labels, which are shown in the Stokes I panel of Figure 3.3.

All three fully-detected pulses have a double-peaked profile, with more complex
sub-structure evident within the dynamic spectrum of 18-1B. There is a gradual
increase in flux density from ¢t ~ 8h until 18-2A peaks at t ~ 9.4h. Preceding
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Figure 3.2: Frequency-averaged light-curve for UV Ceti in the 2018-10-02 epoch
(top panel) and 2019-03-07 epoch (bottom panel). Sub-structure in total intensity
and in the Stokes parameters are evident in the pulses. Typical 50 uncertainties
are labelled in each plot. The lower abscissae show the time in hours from the
observation start, and the upper abscissae show the relative magnetic longitude,
as described in Section 3.4.3.
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Figure 3.3: Dynamic spectrum of UV Ceti in Stokes I, U, /Q? + V2, and
total fractional polarisation /@2 + U2 + V2/I. The dynamic spectra have been
averaged to 4 MHz in frequency to improve the signal-to-noise. Total fractional
polarisations that correspond with Stokes I flux densities below a 4o threshold
have been blanked. To aid clarity, the pulses have been labelled 18-1A, 18-1B,
and 18-2A. The similar drift rate and flux density of pulses 18-1A and 18-2A is
evident. As in Figure 3.2, the lower abscissae show the time in hours from the
observation start, and the upper abscissae show the relative magnetic longitude,
as described in Section 3.4.3.
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Figure 3.4: Detail of the pulse 18-1B in the 2018-10-02 epoch, in Stokes I, U,
and 1/Q? + V2. Complex sub-structure in total intensity, and in polarisation is
evident. Particularly notable is the banding present in Stokes U, which appears
to be drifting in an opposite direction to the bulk frequency drift of the pulse. As
in Figure 3.3, upper abscissae show the relative magnetic longitude.
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18-1A, there is only a marginal flux density enhancement at ¢ ~ 2.8 h. Apart from
the preceding behaviour, 18-1A and 18-2A show a similar temporal profile.

All three pulses exhibit a bulk frequency drift across the bandwidth of our obser-
vations. To determine the bulk frequency drift rates of the pulses, we fit a simple
model of a series of drifting top-hat pulses to the observed dynamic spectra using
a Markov Chain Monte Carlo (MCMC) sampler (EMCEE'; Foreman-Mackey et al.,
2013). We set uniform priors on the parameters of each pulse (central time, duration,
amplitude, drift rate, and periodicity), within conservative large ranges determined
by visual inspection.

We found that 18-1B was best fit by two components: the earlier compo-
nent with a drift rate of v = 0.75+0.03 MHzs™!, and the later component with
v = 0.607003 MHzs 1. We find that 18-1A and 18-2A have consistent drift rates of
—1.3010 03 MHzs ™ and —1.30 4 0.03 MHzs™! respectively.

2019-03-07: Temporal and spectral structure

We detect eight clearly separated pulses in the 2019-03-07 epoch. These pulses
appear to be within two distinct sets separated by about 5.4 h. We label the pulses
in the first set as 19-1A, 19-1B, (19-1C), 19-1D, and 19-2A, 19-2B, 19-2C, 19-2D in
the second set. Each set of pulses has three faint pulses with peak flux densities
ranging from 16.2 — 51.6 + 7.6 mJy, followed by a bright pulse with a peak flux
density of 136.4 + 7.6 mJy in the first set, and 139.7 + 7.6 mJy in the second set.
(19-1C) is not clearly detected in the high-resolution dynamic spectra, but becomes
apparent after further averaging in time and frequency. We label it within brackets
to indicate its marginal status.

Each of the three faint pulses in each set shows different temporal structure to
each other. There is some change in the temporal structure of 19-1A, C and their
corresponding pulses 19-2A, C, although 19-1B appears to maintain a more steady,
sharply-peaked temporal profile in the corresponding pulse 19-2B. The faint pulses
in each set (19-1A, B, C and 19-2A, B, C) appear to be regularly separated, by
approximately 32 min.

Following the MCMC procedure outlined in Section 3.4.1, we measured the drift
rates and other parameters of the pulses. All faint pulses (19-1A, B, C and 19-2A,
B, C) show a drift rate consistent with —1.300 MHzs ™!, with typical uncertainties in
the range of 0.003 —0.005 MHzs~!. Pulse 19-2A shows quasi-periodic striations that
repeat approximately once every 1.8 — 1.9 min, similar to quasi-periodic oscillations
from active M-dwarfs reported by Gary et al. (1982); Lang & Willson (1986), and
Bastian et al. (1990). The oscillations in 19-2A are evident in Figure 3.6.

Pulses 19-1D and 19-2D are very similar in their peak flux densities, and in their
temporal sub-structure, both containing two closely-spaced components with slightly
differing frequency drift rates. The bulk drift rates of 19-1D and 19-2D are both
consistent with a value of 1.000 MHzs™!, with uncertainties in the range of 0.002 —
0.004 MHzs™ .

1
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Figure 3.5: Full-Stokes dynamic spectrum of UV Ceti. The dynamic spectra have
been averaged to 4 MHz in frequency in Stokes I and V', and to 60s and 16 MHz
in Stokes @ and U to improve sensitivity. The bottom panel shows total fractional
polarisation similarly to Figure 3.3. The pulses have been labelled 19-1A, 19-1B,
(19-1C), 19-1D, 19-2A, 19-2B, 19-2C, 19-2D. Pulse (19-1C) is within brackets to
indicate its marginal status, but becomes evident after further averaging of the
dynamic spectrum. Upper abscissae show relative magnetic longitude as described
in Section 3.4.3.
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Figure 3.6: Detail of the pulses 19-2A, 19-2B, 19-2C, and 19-2D in Stokes I, @,
U, and V. The varying sub-structure, but similar overall drift rate of 19-2A, B,
and C is evident. Pulse 19-2C exhibits linear polarisation with little dependence
on frequency. As in Figure 3.5, upper abscissae show relative magnetic longitude.
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Polarisation

In each epoch, the detected pulses are highly circularly polarised, averaging about
70% circular polarisation and reaching up to 100%. Unfortunately due to the lack
of cross-hand phase calibration in the 2018-10-02 epoch, determining the sense of
circular polarisation is difficult. However, in the 2019-03-07 epoch, the Stokes V'
emission is consistently positive-valued, indicating that it is RCP. This is consis-
tent with the majority of coherent bursts reported from UV Ceti in the literature
(e.g. Villadsen & Hallinan, 2019; Lynch et al., 2017; Bastian & Bookbinder, 1987);
however, some LCP bursts have been reported (Lynch et al., 2017).

We detect linearly polarised emission associated with some of the pulses, at an
average level of about 15% of the total intensity. Inspection of the Stokes U dynamic
spectrum shows two linearly-polarised components in pulse 18-1B. The first Stokes
U component of 18-1B is largely positive-valued, exhibiting very little dependence
on frequency. The second component in Stokes U exhibits striations drifting in
frequency in an opposite direction to the enveloping pulse. This behaviour is most
evident in Figure 3.4. There is also a weak, negative Stokes U signal associated with
18-2A near t = 9.4 h that also shows little dependence on frequency.

In the 2019-03-07 epoch, we detect weak linearly polarised emission associated
with pulses 19-1B and 19-2C. Like the linear polarisation in 18-2A, the linear po-
larisation in 19-1B and 19-2C show little dependence on frequency. There is also
some marginal, rapidly-striating linear polarisation associated with pulses 19-1D
and 19-2D (evident in Figures 3.5 and 3.6).

The detection of pulses in Stokes () and U along with V' implies that the emission
is elliptically polarised — a rare occurrence in nature that is generally only seen
in pulsars (e.g. Melrose, 2017) and magnetised planets (e.g. Zarka, 1998; Dulk
et al., 1994; Boudjada & Lecacheux, 1991; Fischer et al., 2009). We are aware of
two other reports of elliptically polarised stellar radio emission from the literature:
Lynch et al. (2017) also detected elliptically polarised emission from UV Ceti with
the Murchison Widefield Array at 154 MHz, and Spangler et al. (1974) detected
elliptically polarised emission from AD Leo at 430 MHz.

The differing structure of the linearly polarised emission compared with the Stokes
I and V emission strongly suggests that these polarisation components are not
instrumental in origin. Nonetheless we conducted a number of checks to verify that
the linear polarisation is legitimate.

We inspected bright sources around the UV Ceti field, and found that in general,
within 40" of the field centre (corresponding with the half-width at half-maximum of
the primary beam), leakage from Stokes I to V' is ~ 0.1%, @ to I is < 0.5%, and U
to I is < 1.5%. Towards the pointing centre, the leakage values decrease below the
noise floor. These leakage fractions are at least 10 times lower than the measured
degree of linear polarisation from UV Ceti (~ 15%). We obtain similar results with
the short Vela observation reported above.

We also imaged the UV Ceti field during times of apparent linearly polarised emis-
sion. These images show a linearly-polarised point source associated with UV Ceti,
and show that the emission is not an artefact associated with radio-frequency in-
terference, or sidelobe confusion from a bright field source. At these times, other
field sources show no spurious deviations from their baseline leakage values reported
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Figure 3.7: Two-dimensional autocorrelation function, and the corresponding
zero frequency-lag components for the 2019-03-07 (left panels) and 2018-10-02
epochs (right panels). Dashed lines indicate the time lag of the major peak in the
autocorrelation, which measures the periodicity of the pulses. The dash-dotted
lines in the autocorrelation of 2019-03-07 are spaced every 0.539h from the zero
time lag component, and around the major peak at a time lag of 5.447h, and
show the quasi-periodic nature of the pulses 19-1A; B, C and 19-2A, B, and C.

above. With the results of these tests, we are confident that the linearly polarised
emission is intrinsic to UV Ceti, and not instrumental in origin.

3.4.2 Derived pulse period

The repetitive nature of the detected emission over the rotational period of UV Ceti
strongly suggests that the emission is rotationally-modulated, pulsed, emission from
highly-beamed radio sources, as opposed to stochastic bursts or flares. To test the
periodicity of the pulses, we computed the two-dimensional autocorrelation function
of the Stokes I dynamic spectra, and measured the time lag at the peak along the
zero frequency-lag component of the autocorrelation.

The 2018-10-02 observation is dominated by the central bright burst, which does
not repeat in our observation. To avoid this dominating the autocorrelation function,
we masked the region from ¢ = 4.6 — 5.8 h and replaced it with artificial complex
Gaussian noise with the same properties as measured in the region of the dynamic
spectrum with no detectable emission ¢ = 0.3 — 1.5 h. The resulting autocorrelation
function (right panels of Figure 3.7) shows a significant peak at 5.441 + 0.035h, in
the zero frequency-lag component. Similarly, the autocorrelation of the (unfiltered)
2019-03-07 epoch (left panels of Figure 3.7) shows a strong zero frequency-lag peak
centred at 5.447 +0.008 h. Note that the quoted uncertainties are derived from the
marginalised distribution of the pulse period from the top-hat pulse model described
in Section 3.4.1.

The pulse periods measured between the two epochs are consistent with one an-
other, and consistent with the 5.4432 £ 0.0072 h period measured by Barnes et al.
(2017). We note that this disambiguates which component of the L726-8AB binary
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the emission originates from — the primary component BL Ceti (L726—8A) is also
known to be active at radio frequencies (e.g. Gary et al., 1982), and is separated
from UV Ceti by ~ 4”, well below the ~ 15" resolution of our ASKAP observations.
However, BL Ceti has a rotational period of 5.832 4+ 0.012h (Barnes et al., 2017).

Along with the 5.447 + 0.008 h periodicity revealed by the autocorrelation of the
2019-03-07 observation, there are also three minor peaks in the autocorrelation
spaced every 0.539h from the zero time-lag component, and to either side of the
primary period of 5.447 + 0.008 h. This gives strong evidence for the quasi-periodic
nature of the faint pulses 19-1A, B, C and 19-2A, B, C.

3.4.3 Comparison of the two epochs

We find notable similarities between the pulses occurring in both epochs when in-
specting the dynamic spectra side by side. Most striking are the faint pulses occur-
ring in both epochs: 18-1A, 18-2A, and 19-1A, B, C, 19-2A, B, C — these pulses all
have very similar drift rates (~ 1.3 — 1.4 MHzs™!, virtually indistinguishable within
the bandwidth of our observations), durations (~ 12min), and are similar in their
average flux densities (~ 40 — 50mJy). However, in the 2019-03-07 epoch, three
faint pulses with equal drift rates occur every rotation, where as in 2018-10-02 only
one faint, negative-drifting pulse occurs per rotation. Pulses 19-1B and 19-2B are
morphologically most similar to the faint pulses 18-1A and 18-2A occurring once per
rotation in the 2018-10-02 epoch, 18-1A and 18-2A. Furthermore, the time difference
between 19-1B and 19-1D, and 19-2B and 19-2D (~ 60min) is similar to the time
difference between 18-1A and 18-1B (~ 50 min).

While there are some morphological similarities between the bright pulses in both
epochs, the bright burst in 2018-10-02 has a slower bulk drift rate, a longer duration,
and overall a more complex morphology to the bright pulses present in 2019-03-07.
Nonetheless, similarities between the pulses in both epochs suggests that some of
the pulses originate from source regions that have remained relatively stable over
timescales of several months. This suggestion was also made by Villadsen & Hallinan
(2019) to explain the similar morphologies of several bursts detected from UV Ceti,
despite months-long separation between observations. In particular, we suggest that
the similar morphology, flux density, and drift rate of pulses 18-1/18-2A and 19-1/19-
2B, along with their similar time gap from the subsequent bright pulses 18-1B, and
19-1/19-2D, indicates that they originate from the same source region along a stable
magnetic loop.

Under the assumption that they are the from same source region, and that their
host magnetic loop has not drifted significantly in magnetic longitude, we can set the
peak times of 18-1A and 19-1B as our reference time for zero longitude for the 2018-
10-02 and 2019-03-07 epochs, respectively. We use the 5.447 4+ 0.008 h periodicity
measured from the 2019-03-07 epoch to calculate the relative magnetic longitude
from the set reference time. This enables us to more closely analyse the similarities
and differences of the sets of pulses we detect in our two observing epochs. Relative
magnetic longitudes are shown in the upper abscissae of Figures 3.2, 3.3, 3.4, 3.5,
3.6, and 3.8.

Figure 3.8 gives a comparison of the pulses 18-1A, B with 19-1A, B, C and 19-2A,
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Figure 3.8: Comparison of pulses from 2018-10-02 and 2019-03-07, at the same
magnetic longitude (rotational phase). The pulses are labelled according to their
labels designated in Section 3.4.1. The dashed lines indicate the locations and
drift rates of the pulses. The white dashed lines are spaced every 0.539h in the
2019-03-07 panels, consistent with the periodicity of these pulses demonstrated by
the autocorrelation function shown in Figure 3.7. The similar structure and ar-
rangement of the pulses between the 2018-10-02 and 2019-03-07 epochs is evident.
Upper abscissae show relative magnetic longitude for each of the pulses, assum-
ing a fiducial zero-point at the high-frequency peak of 19-1/19-2B, and 18-1A. To
highlight pulse structure on different flux density scales, the colourmap has been
logarithmically scaled between 10-100 mJy.
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B, C. Dashed lines in this figure indicate the location and drift rates of the pulses.
This figure highlights the similar drift rates of the faint pulses in both epochs. The
evolution in drift rate and relative magnetic longitude from 18-1B to 19-1D and
19-2D is also evident, along with the quasi-periodic nature of pulses 19-1A, B, C
and 19-2A, B, C.

3.5 Discussion

3.5.1 Origin of the emission

Incoherent emission has a maximum brightness temperature of 10** — 102 K due to
inverse Compton scattering (Kellermann & Pauliny-Toth, 1969), and so any radio
emission with a brightness temperature persistently exceeding this limit must be
coherent in nature (disregarding relativistic Doppler boosting). We used Equation
14 from Dulk (1985) to calculate the brightness temperature 7Tj, as follows:

T, = isy (5)2 (‘;)2, (3.6)

where kg is the Boltzmann constant, S, is the flux density in Jy, ¢ is the speed
of light, v is the observing frequency, d is the distance to the source, and [ is
the emission region size. Assuming the radio emission is beamed and rotation-
ally modulated (see Section 3.4.2) we can use the projected rotational velocity of
32.2kms™! of UV Ceti (Barnes et al., 2017), and an upper limit on the duration of
all pulses of 20 min, to set an upper limit on the emission region size for each pulse
of 3.6 x 10° cm = 0.50 Ry, where Ry, is a Jupiter radius. Using this upper limit
on the source size, we calculated a lower limit of the brightness temperature on the
pulses from both epochs.

We find that the brightness temperature lower limits are in the range of 0.22 —
4.3 x 101 K, exceeding the 10'? K inverse-Compton limit (Kellermann & Pauliny-
Toth, 1969), therefore indicating that the emission is coherent. This conclusion is
also supported by the high degree of circular and elliptical polarisation (up to 100%),
and the complex temporal and spectral structure of the pulses. The periodicity shows
that the pulses originate from persistent, highly beamed sources whose emission
crosses our line of sight as the star rotates, confirming suggestions by Lynch et al.
(2017) and Villadsen & Hallinan (2019).

The two emission mechanisms that are generally invoked to explain stellar coher-
ent radio bursts are plasma emission (Dulk, 1985) and the electron cyclotron maser
instability (ECMI; Treumann, 2006). The ECMI operates most efficiently when
vp/Ve < 1 ie. in low-density, highly magnetised plasmas. Here, v, is the electron
cyclotron frequency, given by

v, = eB/2mm.c ~ 2.8 B MHz. (3.7)

The emission is expected to be very narrow-band, centred around the electron cy-
clotron frequency and possibly its harmonics. In favourable conditions for the ECMI,
when the ratio of the plasma frequency

vy = \/nee?/mm, = 9y/n. kHz, (3.8)
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to the cyclotron frequency is small (i.e. v,/v, < 1), the emission is expected to be
polarised in the free-propagating extraordinary mode of the birefringent plasma
(z-mode), and is beamed at angles nearly perpendicular to the magnetic field
(Treumann, 2006). However, the ECMI can also operate with reduced efficiency
when a weaker condition, v,/v, < 1, is met. In this instance, polarisation in the
ordinary mode (o-mode) is possible. When the line-of-sight component of the mag-
netic field is directed towards the observer, then z-mode corresponds with RCP and
o-mode with LCP. In the opposite orientation, z-mode corresponds with LCP and
o-mode with RCP. Therefore, with knowledge of the magnetic field geometry, the
observed sense of polarisation can be used to determine the magneto-ionic mode of
the emission.

Plasma emission occurs at the local plasma frequency and its second harmonic;
higher frequencies/harmonics are expected to be absorbed via gyroresonance or free-
free absorption (Dulk, 1985). Plasma emission at the fundamental mode is expected
to be polarised in the o-mode, and mildly polarised at the second harmonic (Melrose
et al., 1978; Melrose & Dulk, 1993).

In Section 3.5.3, we use the presence of linear polarisation in the pulses to place
an upper limit on the electron number density of n, < 4lcm™3. This density
limit corresponds to plasma frequencies less than 54 kHz, well below our observing
frequency. Furthermore, all the detected pulses in 2019-03-07 are RCP, indicating
emission consistently from either the z or o-mode. Kochukhov & Lavail (2017)
showed that the magnetic north pole of UV Ceti is inclined towards Earth, meaning
that the emission is most likely to be from the northern hemisphere of the UV Ceti
magnetosphere i.e. where the line-of-sight magnetic field component is directed
towards the observer. This indicates that the emission is in the z-mode.

Elliptical polarisation is also indicative of radiation in the x-mode, as argued in
the case of elliptically polarised Jovian decametric radiation (Melrose & Dulk, 1991,
1993; Dulk et al., 1994). The presence of elliptically polarised emission in both
epochs gives further evidence that the emission is emitted in the z-mode.

Together, polarisation properties of the pulses in both epochs favour emission in
the z-mode from the northern magnetic hemisphere of UV Ceti, showing that the
emission is from the ECMI. This is consistent with recent detections of bursts from
UV Ceti by Lynch et al. (2017) and Villadsen & Hallinan (2019), and more broadly
with the nature of periodic radio pulses from other auroral emitters (e.g. Lynch
et al., 2017; Hallinan et al., 2007; Trigilio et al., 2000; Zarka, 1998).

Using Equation 3.7, and assuming emission in the second harmonic, the local
magnetic field strength at the emission regions is in the range of 133 — 184 G, or
266 — 368 G assuming the emission is in the fundamental mode. Assuming a purely
dipolar magnetospheric geometry with mean surface magnetic field strength of
6.7 kG as a first order approximation, based on Zeeman Doppler Imaging of UV Ceti,
(Kochukhov & Lavail, 2017), then this implies source altitudes of ~ 3.3 — 3.7 R, (or
2.6 — 2.9 R, if the emission is in the fundamental mode), where R, is the stellar
radius (1R, = 0.159 4 0.006 Ry ; Kervella et al., 2016).
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3.5.2 Origin of frequency drift

Wide-band dynamic spectra of the ultra-cool dwarfs (UCDs) TVLM 513—46, and
2M 0746+20 presented by Lynch et al. (2017) exhibited periodic radio pulses with
a linear frequency drift, similar to our observations of pulses from UV Ceti. Lynch
et al. (2017) explained that the drifting features in their dynamic spectra are caused
by ECMI emission along a few localised magnetic loops in the stellar magneto-
spheres. This frequency drift arises due to the fact that ECMI emission emits in a
narrow frequency range about the electron cyclotron frequency, determined by the
local magnetic field strength (see Equation 3.7). Source regions at different altitudes
along an active magnetic loop will have differing local magnetic field strengths and
therefore different emission frequencies. As the star rotates, the frequency-dependent
ECMI emission beam will cross the line of sight at different orientations which de-
pend on the emission altitude, and therefore on observing frequency. We suggest
that a similar geometrical effect is responsible for the observed frequency drifts in
our dynamic spectra, although a detailed modelling procedure of the magnetospheric
geometry responsible for the pulses is beyond the scope of this work.

3.5.3 Interpretation of linear polarisation

Melrose & Dulk (1991) discussed possible causes for the linear polarisation in Jovian
decametric emission observed e.g. by Dulk et al. (1994) and Boudjada & Lecacheux
(1991). They concluded that the presence of elliptically polarised emission implies
extremely low plasma densities in the emission region. Equation 14 from Melrose
& Dulk (1991) gives an upper limit on the electron density when the emission is
elliptically polarised:

ne S a(v/25 MHz), (3.9)

where a is a geometrical factor of order unity and v is the observing frequency.
For our highest observing frequency (1030 MHz), and taking o = 1, this gives an
approximate upper limit on the electron density of 41 cm ™3,

We can compare this density to an order-of-magnitude estimate of the expected
density at a source altitude of ~ 3.7 R, (see Section 3.5.1) as follows. We assume
a simple exponential coronal density model, adopting a scale height of 0.48 R, cal-
culated by Villadsen & Hallinan (2019) using a constant-gravity hydrostatic equi-
librium model, and take an average coronal base density of 10'°°cm™ (similar to
densities inferred for other active M-dwarfs; Ness et al., 2004). This gives an ex-
pected electron density on the order of 10® cm™ at the source altitudes.

Our upper limit of n, < 41cm™ is much lower than this order-of-magnitude
estimate of the electron density, and is unlikely to be explained by permitting a
more complex model (e.g. removing the assumption that the magnetosphere is
strictly dipolar). A plausible explanation for our strong upper limit on electron
density is that the emission arises from an extreme density cavity, analogous to the
cavities present around the emission regions of Earth’s auroral kilometric radiation
(AKR), generated by powerful magnetic field-aligned electric fields (Zarka, 1998;
Ergun et al., 2000). Melrose & Dulk (1991) concluded that densities low enough to
permit elliptically polarised emission from active stars or the Sun are highly unlikely
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to occur due to high average coronal electron densities, highlighting the remarkable
nature of this emission. While the extremely low density of the source region can be
inferred from present theory, further theoretical investigation is required to justify
(or avoid) the extraordinary density contrast between the source region and the
ambient corona that is required.

Although ECMI has often been the favoured mechanism to explain stellar co-
herent bursts, a common difficulty encountered is the expected absorption of ECMI
emission by the overlying plasma in the gyroresonance harmonic layers (Dulk, 1985).
Assuming a dipolar magnetosphere and emission in the second harmonic, our emis-
sion region is at altitudes between ~ 3.3—3.7 R, (see Section 3.5.1) — a radial extent
of ~ 0.4 R,. The third gyroresonance layer, where B = 2Bj,./3, spans altitudes of
~ 3.8 —4.2R,. Here, By, is the source magnetic field strength. The presence of
elliptical polarisation across the entire bandwidth of some pulses requires that the
associated cavity extends at least 0.4 R,. It therefore seems plausible that the cavity
may extend an additional 0.5 R, in altitude, such that it reaches the third gyrores-
onance harmonic layer for the lowest emission frequency. This is supported by the
observation of elliptically polarised emission from UV Ceti by Lynch et al. (2017) at
154 MHz, which corresponds to a dipolar magnetospheric altitude of ~ 6.2 R,. If the
inferred cavity does extend to the third, or possibly even the second gyroresonance
harmonic layer (where B = By, /2, which strongly absorbs emission in the funda-
mental mode), then the extremely low densities should result in an optical depth
sufficiently small for the emission to escape.

Earth’s auroral kilometric radiation (AKR) has been observed to escape the
plasma via multiple reflections from within the auroral density cavities, to a height
where the ambient z-mode cutoff frequency is equal to the emission frequency (e.g.
Zarka, 1998; Ergun et al., 2000). The extremely low-density cavity inferred by the
presence of linear polarisation should be surrounded by the high-density plasma of
the stellar corona, suggesting that ECMI emission observed here may also escape
the stellar magnetosphere through a similar process. These reflections would be
likely to modify the intrinsically elliptically polarised emission via mode-coupling,
potentially removing any linearly polarised component of the emission. A possible
solution is to require that the cavity has a sufficiently large volume so that radiation
can escape without reflecting off the cavity walls. Another solution may be that
the elliptical polarisation is generated by partial conversion of z-mode into o-mode
after reflections on the cavity wall (Zarka, 1998), removing any strong requirements
on the minimum size of the cavity. We note that elliptically polarised emission has
also been observed from AD Leo (Spangler et al., 1974), suggesting that the auroral
processes generating these magnetospheric cavities may also occur in other active
M-dwarfs.

Finally, assuming intrinsically elliptically polarised emission, we can use the ob-
served elliptical polarisation to determine the emission angle of the ECMI emission
relative to the local magnetic field. Melrose & Dulk (1993) gave a simple relation
between the ECMI emission angle relative to the magnetic field, 6, and the axial
ratio of elliptically polarised emission, 7' (not to be confused with temperature, or
brightness temperature T3), to first order:

T ~ cos(6). (3.10)
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Using the expression for the axial ratio from Dulk et al. (1994),

1
T = tan (5 arcsin <I_Vp>) : (3.11)

where [, = \/Q*+ U?+ V2, we can derive the angle of ECMI emission for our
2019-03-07 observation, where full polarisation calibration was possible. For pulses
19-1B and 19-2C, which are detected significantly in linear polarisation, we derive
an ECMI emission angles of 60 £ 4° and 58 + 5° to the magnetic field respectively.

3.5.4 Transition from solar-type to auroral activity

The multi-wavelength flare activity of UV Ceti (along with other active M-dwarfs)
has been largely interpreted within the framework of solar flares. For example, the
observations of UV Ceti performed by Benz et al. (1996), described in Section 3.2,
confirmed the operation of the Neupert effect on active M-dwarfs. The Neupert
effect is believed to be driven by the process of chromospheric evaporation, where
accelerated non-thermal electrons stream downwards along magnetic loops, impact-
ing and heating the chromospheric plasma, which then ‘evaporates’ and rises to
the upper corona. Chromospheric evaporation has been observed in other active
M-dwarfs (e.g. Giidel et al., 2002a), suggesting that Solar-like magnetospheric pro-
cesses may be prevalent among active M-dwarts, although several counter-examples
exist (e.g. Osten et al., 2005; Lim et al., 1996).

Another paradigm of magnetospheric activity that may be relevant to active M-
dwarfs is auroral-type magnetic activity. Auroral processes, revealed by periodic,
highly polarised radio pulses, are known to occur on magnetised planets (Zarka,
1998), brown dwarfs (Hallinan et al., 2007; Pineda et al., 2017), and magnetic chem-
ically peculiar stars (Trigilio et al., 2000). Auroral processes are driven by large,
powerful field-aligned current systems occurring in stellar and sub-stellar magne-
tospheres (Treumann, 2006; Zarka, 1998). Our detection of periodic, elliptically
polarised pulses from UV Ceti, confirming suggestions by Lynch et al. (2017) and
Villadsen & Hallinan (2019), shows that this type of magnetic activity also applies
to active M-dwarfs. This shows that auroral emitters extend further up along the
main sequence than previously realised.

Our detection of elliptically polarised emission from UV Ceti (and previously by
Lynch et al. 2017) implies that extreme density cavities exist within the magne-
tosphere of UV Ceti (see Section 3.5.3). This shows that the auroral processes
operating in the magnetosphere of UV Ceti are closely analogous to those occurring
in the magnetospheres of Jupiter and Saturn, where elliptically polarised emission
from extremely low densities is also observed (Melrose & Dulk, 1991; Dulk et al.,
1994; Boudjada & Lecacheux, 1991; Fischer et al., 2009). Elliptically polarised emis-
sion was also detected from AD Leo by Spangler et al. (1974), which, like UV Ceti,
hosts a large-scale, axisymmetric magnetic field (Kochukhov & Lavail, 2017; Morin
et al., 2008), hinting that auroral-type magnetic activity may apply to other ac-
tive M-dwarfs with large, axisymmetric magnetic fields. We note, however, that no
other M-dwarf has shown evidence of periodic radio emission (Villadsen & Hallinan,
2019). This indicates that such behaviour may only be intermittent, or it could also
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be due to incomplete observational coverage of the rotational periods of these stars
(e.g. AD Leo has rotational period of 2.2399 + 0.0006 d; Morin et al., 2008).

Together, the observation of both Solar-like (Guedel et al., 1996) and auroral
activity in UV Ceti, and potentially other active M-dwarfs (Spangler et al., 1974),
suggests that these active stars may mark the beginning of the transition from Solar-
like activity to auroral activity that becomes prevalent in substellar objects (Pineda
et al., 2017; Zarka, 1998). Further detailed studies of coherent bursts from active
M-dwarfs across a range of spectral types and magnetospheric geometries, along
with simultaneous multi-wavelength information may assist in clarifying the stellar
parameters and magnetospheric conditions which drive this transition.

3.6 Summary & conclusions

We report the detection of several coherent, highly polarised pulses from the active
M-dwarf UV Ceti. The pulses are periodic in nature, with a period of 5.447+0.008 h
— consistent with the measured rotational period of UV Ceti (Barnes et al., 2017).
The brightness temperature, polarisation, and time-frequency structure of the pulses
are consistent with highly-beamed ECMI emission originating along magnetic loops,
which cross the line of sight every rotation of the star. Some of the pulses show el-
liptical polarisation — a rare occurrence in nature, which implies very low plasma
densities (< 41 cm™3) around the source region. This can be explained if the emis-
sion originates from an extreme density cavity in the magnetosphere of UV Ceti,
analogous to the terrestrial auroral cavities (Zarka, 1998; Ergun et al., 2000). We
suggest that the density cavity is key to the escape of the radiation at the first
and second harmonic of the cyclotron frequency, by a reduced optical depth at the
gyroresonance harmonic layers, and /or by multiple reflections along the cavity wall.
The presence of periodic and elliptically polarised radio emission from UV Ceti shows
that auroral-type magnetic activity can also manifest in active M-dwarfs, along with
Solar-like activity as indicated by the presence of the Neupert effect (Guedel et al.,
1996). This indicates that M-dwarfs may mark the beginning of the transition from
Solar-like activity to auroral activity which becomes prevalent in brown dwarfs and
magnetised planets (Pineda et al., 2017; Zarka, 1998).

We have demonstrated the capabilities of ASKAP for studying polarised variable
radio sources. We note that our best RMS noise in our 4 MHz, 10 s dynamic spectrum
bins is ~ 7mJy. This RMS noise value is competitive with the RMS noise for
dynamic spectra taken with the Karl G. Jansky Very Large Array (1-7 mJy) reported
by Villadsen & Hallinan (2019), with similar spectral and temporal resolution.

The quality of the dynamic spectra, and the wide field of view of ASKAP presents
a strong opportunity for future large-scale surveys for coherent bursts from stellar
and sub-stellar objects, along with detailed, targeted studies as presented in this
work. Villadsen & Hallinan (2019) estimated that the active M-dwarf transient
density should be one per 10 deg?, meaning ASKAP surveys such as VAST (Murphy
et al., 2013) will probe the population of coherent bursts from M-dwarfs, giving a
more complete insight into the processes operating in the magnetospheres of these
stars.
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4.1 Abstract

Studies of solar radio bursts play an important role in understanding the dynamics
and acceleration processes behind solar space weather events, and the influence of
solar magnetic activity on solar system planets. Similar low-frequency bursts de-
tected from active M-dwarfs are expected to probe their space weather environments
and therefore the habitability of their planetary companions. Active M-dwarfs pro-
duce frequent, powerful flares which, along with radio emission, reveal conditions
within their atmospheres. However, to date, only one candidate solar-like coherent
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radio burst has been identified from these stars, preventing robust observational
constraints on their space weather environment. During simultaneous optical and
radio monitoring of the nearby dMb.5e star Proxima Centauri, we detected a bright,
long-duration optical flare, accompanied by a series of intense, coherent radio bursts.
These detections include the first example of an interferometrically detected coher-
ent stellar radio burst temporally coincident with a flare, strongly indicating a causal
relationship between these transient events. The polarisation and temporal struc-
ture of the trailing long-duration burst enable us to identify it as a type IV burst.
This represents the most compelling detection of a solar-like radio burst from an-
other star to date. Solar type IV bursts are strongly associated with space weather
events such as coronal mass ejections and solar energetic particle events, suggesting
that stellar type IV bursts may be used as a tracer of stellar coronal mass ejections.
We discuss the implications of this event for the occurrence of coronal mass ejections
from Proxima Cen and other active M-dwarfs.

4.2 Introduction

M-dwarfs are the most populous type of star in the Galaxy (Henry et al., 2006) and
have a high rate of close-in terrestrial exoplanets, ~ 1.2 per star (Hardegree-Ullman
et al., 2019). Active M-dwarfs frequently produce flares several orders of magnitude
more energetic than solar flares (Lacy et al., 1976). Associated increases in ionising
radiation, along with frequent impacts of space weather events, such as coronal
mass ejections (CMEs), are expected to result in magnetospheric compression and
atmospheric erosion of close-in planetary companions, threatening their habitability
(Khodachenko et al., 2007; Lammer et al., 2007). While the radiative components
of M-dwarf flares are routinely detected and characterised across all wavelengths,
their phenomenology arises from processes confined to the stellar atmosphere. As a
result, the space weather environment around these stars cannot be assessed from
flare observations alone. Nonetheless, there have been promising developments in
observational signatures of stellar CMEs in recent years. For example, Argiroffi et al.
(2019) reported the first confirmed stellar CME, detected via X-ray spectroscopy of
a flare on the giant star HR 9024. Candidate CME events from active M-dwarfs
have been inferred through signatures such as prolonged X-ray absorption (Moschou
et al., 2019, 2017), and blue-shifted Balmer line components (Vida et al., 2019a;
Leitzinger et al., 2011; Houdebine et al., 1990). However, these may be solely flare-
related phenomena, such as chromospheric evaporation or as a result of limited
diagnostic ability of low-resolution X-ray spectroscopy (Argiroffi et al., 2019; Osten
& Wolk, 2017).

Another promising route toward characterising space weather around active M-
dwarfs is the detection of solar-like type II, III, and IV bursts (Wild & McCready,
1950; Boischot, 1957; White, 2007; Osten & Wolk, 2017; Vedantham, 2020). These
low-frequency radio bursts (< 1 GHz) trace distinct particle acceleration processes
within and beyond the corona that contribute to space weather, and are classified
according to their morphologies in dynamic spectra (e.g. Wild et al., 1963; White,
2007).
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4.2.1 Characteristics of Space Weather-Related Radio Bursts

Solar type II, type III, and type IV bursts have the following characteristics and
interpretations: type II bursts last several minutes up to a few hours, exhibiting a
relatively slow drift from high to low frequencies. They are produced by CME shock
fronts or flare blast waves propagating outward through the corona — see Cairns
et al. (2003) and Cairns (2011) for a review of type II bursts in the context of
solar system shocks. There have been several efforts toward detecting stellar type II
bursts, with no positive detections (Crosley et al., 2016; Crosley & Osten, 2018b,a;
Villadsen & Hallinan, 2019). Type III bursts are short-lived (0.1-10s), rapidly
drifting bursts driven by relativistic electron beams escaping from the corona along
open magnetic field lines — see (Reid & Ratcliffe, 2014) for a review. Type IV bursts
are long-duration bursts that occur during and after the decay phase of large flares
(Takakura, 1963), and are thought to be driven by continuous injection of energetic
electrons into post-flare magnetic structures following CMEs (Cliver et al., 2011;
Salas-Matamoros & Klein, 2020). We do not expand upon solar type I and type
V bursts here as they are not relevant to space weather studies (White, 2007), but
refer the reader to texts such as Kundu (1965) and Wild et al. (1963) for overviews
and detailed definitions of solar radio bursts and other emissions.

Type IV bursts are particularly important in solar space weather studies, because
they are associated with space weather events such as CMEs and solar energetic par-
ticle (SEP) events, and because they indicate ongoing electron acceleration following
large flares (e.g. Kahler & Hundhausen, 1992). For example, Robinson (1986) ar-
gued that CMEs are a necessary condition for the generation of type IV bursts, and
Cane & Reames (1988a) also argued that type IV bursts occur with CMEs, which
also explains their association with SEPs (Kahler, 1982). Cane & Reames (1988Db)
found that 88% of type IV bursts are associated with type II bursts, with almost all
interplanetary type II bursts associated with CMEs (Cairns et al., 2003). In addi-
tion, solar type IT and type IV bursts are strongly associated with Ha flares (Cane &
Reames, 1988b). Type IV bursts show a wide range of features, and consist of sev-
eral subclasses (Pick, 1986). Of particular interest here are the “decimetric type IV
bursts” (type IVdm) (Benz & Tarnstrom, 1976), which have a frequency range span-
ning ~ 200-2000 MHz (Cliver et al., 2011), covering the frequency range accessible
with current low and mid-frequency radio facilities. These bursts have long delays
(> 30 minutes) from the microwave continuum emission peak, and are composed of
several subcomponents lasting tens of minutes to several hours (Pick, 1986). The
early component is often complex, showing a variety of frequency drifts (Takakura,
1967). In addition, they often exhibit high degrees of circular polarisation (up to
100%), fractional bandwidths Av/v ~ 0.1-1 (Benz & Tarnstrom, 1976; Cliver et al.,
2011), and intensities reaching up to 10° sfu (10° Jy), making them among the most
intense solar radio bursts recorded (Cliver et al., 2011). The associated brightness
temperatures are very high (between 108K and 10'° K), with brightness tempera-
tures in excess of 102K requiring a coherent mechanism (Kellermann & Pauliny-
Toth, 1969). At the lower range of brightness temperatures (< 10! K) additional
properties such as narrow spectral features and high degrees of circular polarisation
may indicate a coherent emission mechanism, though incoherent gyrosynchrotron
emission is regularly invoked for bursts at this lower range of brightness temper-
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atures lacking these indicators of coherence (Morosan et al., 2019). If the bursts
exhibit a frequency drift, it is usually small (drift rates || < 100kHzs™!), and may
indicate a gradually-expanding source region with decreasing magnetic field strength
and/or plasma density (Takakura, 1963).

4.2.2 Stellar Radio Bursts in the Solar Paradigm

The detection of solar-like radio bursts holds great potential for understanding coro-
nal particle acceleration processes in M-dwarf flares, and for diagnosing the space
weather environment around these stars. For example, solar type IV bursts are
associated with space weather events such as CMEs and SEP events (Robinson,
1986; Cane & Reames, 1988b; Salas-Matamoros & Klein, 2020), and probe ongoing
electron acceleration in magnetic structures following large flares (Salas-Matamoros
& Klein, 2020; Cliver et al., 2011; Wild et al., 1963).

However, there have been few unambiguous identifications of solar-like low-
frequency bursts from M-dwarfs or other stellar systems to date. Kahler et al. (1982)
detected a strong radio burst from the dM4.0e star YZ Canis Minoris in time-series
data with the Jodrell Bank interferometer at 408 MHz, beginning ~ 17 minutes af-
ter flaring activity in optical and X-ray wave bands. Owing to the delayed onset of
the burst, Kahler et al. (1982) identified this radio event as a type IV burst. Other
early low-frequency detections were made with time-series data from single-dish tele-
scopes, making them susceptible to terrestrial interference (Bastian, 1990; Bastian
et al., 1990). For example, Spangler & Moffett (1976) and Lovell (1969) detected
several M-dwarf radio bursts with intensities ranging from hundreds of millijansky
to several jansky, coincident with optical flaring activity. However, low-frequency
interferometric observations of active M-dwarfs have struggled to detect bursts of
similar intensities or at similar rates as recorded in early single-dish observations
(Villadsen & Hallinan, 2019; Lynch et al., 2017; Davis et al., 1978), casting doubt
on the reliability of these early detections. A recent exception to this trend of faint,
low-duty cycle bursts at low radio frequencies is the detection of a 5.9 Jy burst from
dM4e star AD Leonis at 73.5 MHz reported by Davis et al. (2020). Although the
signal-to-noise ratio of this detection is fairly low, future interferometric detections
at these very low frequencies (< 100 MHz) may provide some validation for early
single-dish detections.

Coherent radio bursts from M-dwarfs detected with modern interferometric facil-
ities have shown properties at odds with solar observations. Foremost, the majority
of observations show poor association between radio bursts and multiwavelength
flaring activity (Crosley & Osten, 2018b; Bastian, 1990; Kundu et al., 1988; Haisch
et al., 1981), with the exception of the results from Kahler et al. (1982) described
above. Another key contrast is that there have been no morphological classifi-
cations of solar-like radio bursts to date, although some stellar radio bursts have
shown spectro-temporal features consistent with solar radio bursts — e.g., “sudden
reductions”! or “quasi-periodic pulsations”® (Bastian et al., 1990). A final point of
difference is that coherent radio bursts from M-dwarfs consistently exhibit high de-

L Abrupt decreases in burst intensity.
2Pulsations occurring at similar, but irregular time intervals.
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grees of circular polarisation (fo ~ 50-100%; (Villadsen & Hallinan, 2019)), whereas
only some solar radio bursts, such as type I, type IV, and decimetric spike bursts,
are highly polarised (Kai, 1962, 1965; Aschwanden, 1986) — other solar radio bursts
exhibit only mild degrees of polarisation.

These differences have hampered efforts to understand M-dwarf radio activity
based on our more complete understanding of the Sun (Villadsen & Hallinan, 2019).
In addition, recent studies have shown that the low-frequency variability of active
(Zic et al., 2019b) and inactive (Vedantham et al., 2020) M-dwarfs may arise from
auroral processes in their magnetospheres. These phenomena are driven by ongoing
field-aligned currents in the strong, large-scale magnetic field of the star, rather
than flaring activity associated with localised active regions. This suggests that in
general, the physical driver of many low-frequency radio bursts from M-dwarfs may
be decoupled from the flares probed by optical and X-ray wave bands—in stark
contrast to the Sun.

4.2.3 Outline of This Chapter

In this Chapter, we report the detection of several radio bursts from Proxima Cen-
tauri (hereafter Proxima Cen) associated with a large optical flare. In Section 4.3
we detail the multiwavelength observations and data reduction. In Section 4.4 we
describe the detections of the flare and radio bursts. We discuss these detections
in light of the solar paradigm, and possible implications for space weather around
Proxima Cen. In Section 4.5 we summarise our findings.

4.3 Multiwavelength Observations and Data Re-
duction

To search for space weather signatures from an active M-dwart, we observed Proxima
Cen simultaneously at multiple wavelengths over 11 nights. This star is suitable for
our study because it is close to the Sun (1.3 pc; Gaia Collaboration et al., 2018),
is magnetically active, and hosts a terrestrial-size planet within its habitable zone
(Anglada-Escudé et al., 2016), along with a recently discovered planet candidate at
1.5 AU (Damasso et al., 2020). Proxima Cen is also an interesting target because
its slower rotation and slightly more mild activity levels (Kiraga & Stepien, 2007;
Reiners & Basri, 2008b) differentiate it from more active and rapidly rotating M-
dwarfs that have been previously targeted in search of space weather events (Crosley
& Osten, 2018b,a; Crosley et al., 2016; Villadsen & Hallinan, 2019).

Before providing details on observations and data reduction for the facilities used
in this work, we note that all local observatory times have been converted to the
barycentric dynamical timeframe (TDB), to ensure consistency between ground- and
space-based facilities.
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4.3.1 Transiting Exoplanet Survey Satellite (TESS)

NASA’s TESS (Ricker et al., 2015) observed Proxima Cen during the period of
2019 April-May in its Sector 11 observing run. Observations were taken through
the broad red bandpass spanning 581311159 A on the TESS instrument (the TESS
band). We downloaded the calibrated TESS light-curves for Proxima Centauri from
the Mikulski Archive for Space Telescopes®. Light-curves are available in a Sim-
ple Aperture Photometry (SAP) or Pre-search Data Conditioning Simple Aperture
Photometry (PDCSAP) formats. Because PDCSAP light-curves are optimised to
detect transit and eclipse signals, and remove other low-level variability that may
be astrophysical in origin, we opted instead to use the SAP light-curve. We nor-
malised the SAP light-curve by dividing by the median value long after the flare
decay (MBJD 58605.6-58605.7).

4.3.2 Zadko Telescope

The Zadko Telescope (Coward et al., 2017) is a 1m f/4 Cassegrain telescope situ-
ated in Western Australia. For this campaign, its main instrument, an Andor TkonL
camera, was replaced by a MicroLine ML50100 camera from Finger Lakes Instru-
mentation. The new camera allowed for a faster readout and thus a better temporal
resolution of the light-curve. The CCD is 8kx6k, but we used it with a binning of
2x2 to increase the signal-to-noise ratio, giving a pixel scale of 1.39” pixel !

We used the Sloan ¢ filter (spanning 3885-5640A) for the observations, which
started as soon as possible after dusk, and lasted until Proxima Cen was too low
on the horizon to safely operate the telescope. Each image was taken with a 10,s
exposure, and needed 13.32s for the readout and preparation of the next exposure.
Thus, our observation cadence for that night was about 23.3s. We took 20 bias
and dark frames prior to the beginning of observations for calibration. During the
observation night the conditions were good, with no visible clouds on the images.
The stable temperature and calm wind allowed for fair observations.

We applied standard photometric data reduction procedures using ccdproc (Craig
et al., 2015). Twenty 10 ,s dark exposures were bias corrected and median combined
to remove effects of cosmic rays in the calibration frame. Bias and dark correction
were applied to 180s flat-field exposures taken several nights after the observing
campaign, and these flat-field frames were median combined. Raw target expo-
sures were dark and bias corrected, and the corrected flat-field image was used to
correct for spatial variations in the CCD sensitivity. Images were aligned using
astroalign (Beroiz et al., 2020) to correct for slight drifts in the telescope pointing
throughout the night. We used SExtractor (Bertin & Arnouts, 1996) to perform
aperture photometry on Proxima Cen and nearby reference stars using a 12 pixel
diameter (16.7”) aperture. We corrected the raw Proxima Cen light-curve for sys-
tematic variations in flux over the course of the night by median normalising the raw
light-curves of nearby neighbouring stars around Proxima Cen, with similar colours
(Gaia B, — R, > 2; B, — R, = 3.796 for Proxima Cen). We median combined these
normalised light-curves to produce a systematic reference light-curve, and divided
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the Proxima Cen light-curve by the systematic trend to produce a corrected light-
curve. Finally, we divided the Proxima Cen light-curve by its median post-flare
(MBJD 58605.6-58605.7) value to produce a light-curve in relative intensity.

4.3.3 ANU 2.3m Telescope

We performed time-resolved spectroscopy with the Wide-Field Spectrograph
(WiFeS) on board the ANU 2.3m Telescope at Siding Spring Observatory (Dopita
et al., 2007). WiFeS is an integral-field spectrograph that uses an image slicer with
25 1”7 x 38" slitlets, resulting in a field of view of 25” x 38”. Conditions at the
observatory on 2019 May 02 were poor, resulting in high levels of cloud absorption
and intermittent observational coverage during rainy periods. Seeing varied between
1.3" and 2.0”. We took spectra with the U7000 and R7000 gratings in the blue and
red arms of the instrument, respectively, using the RT480 dichroic. We took 90s
exposures of Proxima Cen using half-frame exposures, which resulted in a faster
readout time of ~30 s, and resulted in a reduced field of view of 12.5” x 38"”. The
corresponding wavelength ranges after calibration were 3500 A-4355 A and 5400 A-
7000 A, at a resolution of R ~ 7000.

For the calibration, we took bias, internal flat field (with a Quartz-Iodine lamp),
wire, and arc frames (with a neon-argon lamp), using 5 x 5s exposures for the red
arm and 5 x 90s exposures for the blue arm where appropriate. We took 3 x 90s
exposures of the standard star LT'T4364 to calibrate for the bandpass response across
wavelength for each grating.

We used the PyWiFeS pipeline (Childress et al., 2014) to derive and apply cal-
ibrations to each exposure. To summarise the PyWiFeS calibration process, we
performed overscan subtraction, bad pixel repair and cosmic ray rejection, and co-
addition of bias frames, which we then subtracted from science frames. We co-added
the internal flat-field frames, and derived wavelength and spatial (y-axis) zero-point
solutions using the arc and wire frames respectively. To derive the spectral flat-field
response, we used the wavelength solution and the co-added flat-field frames, and
applied the derived flat-field correction to each sky exposure. To derive the bandpass
sensitivity response and flux scale, we extracted the spectrum of the standard star
LTT4364 from a rectified (x, y, \) grid, and determined the corrections by comparing
the extracted spectrum to a spectro-photometrically calibrated reference spectrum.
We applied the flux and bandpass corrections to each of the corrected Proxima Cen
data cubes, before converting the telescope-frame (x, y, \) cubes to the sky frame
(ar, 0, A), where o, 6 denote J2000 R.A. and decl., respectively. To preserve the
temporal resolution of our observation, we did not co-add any of the Proxima Cen
exposures during the data reduction process. We extracted sky-subtracted spectra
from the final calibrated spectral cubes using a custom script adapted from the
internal PyWiFeS code.

Due to cloudy conditions, accurately determining the continuum and line fluxes
was not possible. We divided each exposure with the R7000 grating by the me-
dian value between 6000 and 6030 A, selected because it was free of any prominent
emission or absorption features that may vary significantly with flaring activity.
Prominent [OI] sky lines could not be readily subtracted due to the cloudy condi-
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tions. Similarly, we divided each exposure with the U7000 grating by the median
value between 4150 and 4300 A. However, significantly higher cloud absorption in
the 3500-4355 AU7000 band, and the intrinsically lower flux of Proxima Cen in this
band means that the continuum estimates are even more uncertain than the R7000
band.

We used the specutils package® to measure line equivalent widths in the ex-
tracted calibrated spectra.

4.3.4 Australian Square Kilometre Array Pathfinder
(ASKAP)

We observed Proxima Cen with ASKAP (McConnell et al., 2016) on 2019 May
02 09:00 UTC (scheduling block 8612) for 14 hours with 34 antennas, a central fre-
quency of 888 MHz with 288 MHz bandwidth, 1 MHz channels, and 10s integrations.
We observed the primary calibrator PKS B1934—638 for 30 minutes (scheduling
block 8614) immediately following the Proxima Cen observation. To calibrate the
frequency-dependent X'Y-phase, an external noise source (the “on-dish calibrator”
system) is employed on each of the ASKAP antennas. This system measures the
XY phase of each dual-polarisation pair of phased-array feed beams, and adjusts the
phase of the Y-polarisation beamformer weights so that the XY phase approaches
zero. Further details of the ASKAP on-dish calibration system are provided in
Chippendale & Anderson (2019) and Hotan et al. (submitted).

We reduced the data using the Common Astronomy Software Applications (CASA)
package version 5.3.0-143 (McMullin et al., 2007). We used PKS B1934—638 to
calibrate the flux scale, the instrumental bandpass, and polarisation leakage. We
performed basic flagging to remove radio-frequency interference that affected ap-
proximately 20% of the data, primarily from known mobile phone bands.

We used a mask excluding a 4’ square region centered on Proxima Cen to allow
modelling of the field sources without removing the time- and frequency-dependent
effects of Proxima Cen. The large exclusion window around the target also ensured
that the flux density present in strong point-spread function (PSF) sidelobes during
burst events were not modelled as point sources and removed during deconvolution,
ensuring that its total flux density was preserved. We used the task TCLEAN to
perform deconvolution with a Briggs weighting and a robustness of 0.0. We used
the MTMFS algorithm (with scales of 0, 5, 15, 50, and 150 pixels and a cell size
of 2.5") to account for complex field sources, and used two Taylor terms to model
sources with non-flat spectra. We imaged a 6000 x 6000 pixel field (250" x 250")
to include the full primary beam and first null, and deconvolved to a residual of
~3mJybeam~! to minimise PSF side-lobe confusion at the location of Proxima
Cen. We subtracted the field model from the visibilities with the task UVSUB, and
vector-averaged all baselines greater than 200m to generate the dynamic spectra
for each of the instrumental polarisations. We show a deconvolved image of the full
250" field over the 14 ,hr ASKAP observation in Figure 4.1.

We formed dynamic spectra for the four Stokes parameters (I, @, U, V') following
Zic et al. (2019b), such that they were consistent with the IAU convention of polar-
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isation. To improve the signal-to-noise ratio in the dynamic spectra, we averaged
the Stokes I and V' products by a factor of 3 in frequency to produce final dynamic
spectra with a resolution of 3 MHz in frequency and 10s in time. Similarly, we aver-
aged the Stokes () and U dynamic spectra by a factor of 6 in frequency, giving these
products a resolution of 6 MHz in frequency and 10s in time. We produced radio
light-curves by averaging the dynamic spectra across frequency. The rms sensitivity
of our dynamic spectra is 12mJy for Stokes I, and 11 mJy for Stokes ), U, and
V, calculated by taking the standard deviation of the imaginary component of the
dynamic spectra visibilities. In a similar way, we calculated the rms sensitivity of
the light-curves, finding 1.4 mJy for Stokes 7, and 1.1 mJy for Stokes @), U, and V.

4.4 Detection of Flare and Radio Burst Events

4.4.1 Photometric Flare Detection, Energy, and Temporal
Modeling

We present the photometric light-curves in the bottom panel of Figure 4.2. These
observations show the large, long-duration flare on MBJD 58605, which had a du-
ration of approximately 1 hr.

We determined the radiated flare energy as follows. The flare energy Ey, through
a photometric passband p is given by Ey, = ED x L,, where ED is the ‘equivalent
duration’ of the flare, and L, is the total quiescent luminosity of the star in passband
p. The equivalent duration is given by

ED — /t:l (W) dt, (4.1)

which we evaluate using Simpson’s rule. Here, ty and ¢; are the start and end
times of the flare, estimated by visual inspection of the light-curve, I;(t) is the
intensity of the flare as a function of time, and I is the median quiescent intensity.
To compute the quiescent luminosity of the star, we obtained the flux-calibrated
spectrum of Proxima Cen presented in Ribas et al. (2017), multiplying by 4md?
to obtain the spectral luminosity L. We estimate the total quiescent luminosity
through passband p as L, ~ (L, ,)A\,, where (L, ,) is the mean quiescent spectral
luminosity in passband p, and A\, is the bandwidth of passband p. We evaluated
the mean quiescent spectral luminosity using

LT, (M)A

(Lap) = I T,(AAdN

(4.2)

where T),(\) is the filter transmission curve for passband p. This quantity is in-
dependent of any global scaling factors of the transmission curve, enabling a more
reliable estimate of the total quiescent luminosity through passband p. To measure
the the bandwidth A),, we computed the equivalent rectangular width,

Iy T, (A\)dA

~ max(T,(\))’ (43)
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Figure 4.1: ASKAP Stokes I continuum images. Top panel: overview of the
Proxima Cen field, imaged over the 14-hour observation. The grayscale intensity
ranges from —150 to 400 uJy beam™!. This shows the presence of multiple strong
point and extended sources, along with diffuse galactic emission. Bottom panel:
10s deconvolved snapshot images of the local 20’ x 20’ region around Proxima
Cen, taken 20s before (58605.44652 MBJD; left), and around the peak of AB1
(58605.44675 MBJD; right). The region shown in the snapshot images is indicated
by the red square in the top sub-figure. The grayscale intensity ranges from —20
to 110mJy beam ™! for the 10s snapshot images.
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Figure 4.2: Multiwavelength overview of 2019 May 2 observations. Top panel:
ASKAP Stokes I dynamic spectrum, showing intensity as a function of frequency
and time. The resolution is 10s in time and 3 MHz in frequency. The short
timescale and broadband morphology of AB1, complex morphology of AB2, and
long-duration, slow-drift morphology of AB3 are evident. Dashed vertical lines
indicate the time intervals for AB2 and AB3. The burst labels AB1, AB2, and
AB3 are indicated in the figure. Middle panel ASKAP light-curves in Stokes I, @,
U, and V, coloured in purple-black, dark purple, light purple, and orange, respec-
tively. Burst labels are as in the top panel. Bottom panel: median-normalised
photometric light-curves from TESS (blue curve) and the Zadko Telescope ¢’ band
(orange curve), both with values shown on the left abscissa, and Ha equivalent
width from WiFeS on board the ANU 2.3m Telescope (red dots, values shown
on right abscissa). Gaps in the equivalent width measurements are due to poor
weather at the Siding Spring Observatory. For visual clarity, the TESS light-curve
has been scaled by a factor of 10. Typical uncertainties are indicated in the figure
on the right.
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which is the width of a rectangle of height 1 and area equal to the total area be-
neath the filter transmission curve 7,(\). Applying these calculations to the TESS
and Sloan ¢’ passbands, we obtain quiescent luminosities of 1.1 x 10 ergs™! and
2.3 x 10%ergs™! respectively. TESS observations cover the full duration of the
flare, albeit with relatively low temporal resolution (2 minute cadence), enabling us
to compute a TESS-band flare equivalent duration of 31.2 0.3 s, yielding a TESS-
band flare energy Eyrrss = 3.38 £0.03 x 10%! erg. To estimate the bolometric flare
energy, we follow Osten & Wolk (2015) and adopt a 9000 K flare blackbody profile,
and evaluate the fraction of energy radiated within the TESS and Sloan ¢’ pass-
bands, respectively, finding Efrgss/Evel = 0.21 and Ey ,/Ep, = 0.22. Using the
TESS observation, which covers the full duration of the flare, we calculate a bolo-
metric flare energy of 1.64 4= 0.01 x 1032 erg. We note that the quoted uncertainties
in this section are statistical only, and factors such as the light-curve normalisation,
accurate determination of quiescent luminosity, and choice of flare blackbody tem-
perature introduce systematic uncertainties, which we estimate contribute to errors
on the order of 10% of the quoted values.

The 2minute cadence of the TESS light-curve undersamples the impulsive rise
phase of the flare. To obtain a more informed estimate of the flare onset time, we
modelled the temporal morphology of the flare using the following piecewise model,
adapted from the empirical flare template presented in Davenport et al. (2014):

Iy

Al (4.4)
Iy
A(()tftp)/(toftp) t < tp
= Ax < (10— Ay)elt=t)/m , (4.5)
+Ag6(t*tp)/fg t>t,

where A is the peak fractional amplitude above quiescence, ¢, is a the time at
flare peak relative to the ASKAP observation start time MBJD 58605.38154, Ay is
the relative pre-flare amplitude in the last TESS exposure at a set time MBJD ¢, =
58605.44678 (93.94 minutes after the beginning of the ASKAP observation at MBJD
58604.38154), 7; is the impulsive decay timescale, and A, and 7, are the gradual
decay amplitude and timescales. We model the impulsive rise with an exponential
rather than the quartic model of Davenport et al. (2014) to reduce the number of free
parameters to determine from the low-resolution TESS light-curve. We used emcee
to estimate the parameters and sample their posterior probability distributions, first
evaluating each candidate model on a high-resolution time grid before resampling
the candidate model onto the lower-resolution (2 minute cadence) TESS time series.
We set uniform priors on each parameter, constraining Ay > 0, 7,7, < 0, and
A > 0.03. The resulting central parameter estimates and 64% confidence limits
are as follows: t, = 96.617032 minutes, A = 0.267059, Ay = 2.27}3 x 1073, 4, =
0.137398 7, = —12.6 + 0.2 minutes, 7; = —0.5 4 0.2 minutes. The best-fitting model
is shown in Figure 4.3, alongside the photometric light-curve from TESS and the
radio light-curve from ASKAP.
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Figure 4.3: Top: relative timing of ASKAP Burst 1 (AB1), shown in red, and
the main optical flare observed with TESS, shown in blue. The black dashed
curve shows the best-fitting empirical model to the flare observed by TESS. The
black dotted line shows the best-fitting model down-sampled onto the 2 minute
resolution time series of the TESS observations. The vertical gray line shows the
flare onset time, at which the intensity first reaches 1% of the flare peak. The right
abscissa shows the ASKAP flux densities, and the left abscissa shows the relative
flux from TESS-band photometry. Typical uncertainties are shown toward the
figure right, upscaled for visual clarity. The radio peak and the estimated flare
onset are separated by 42s. Bottom: percentage residuals after subtracting the
best-fitting flare model from the TESS light-curve. Error bars on the residuals
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Figure 4.4: Top: WiFeS R7000 (A5400-7000 A) normalised spectra, showing a
median of 10 exposures before the main flare (gray curve), and one 90s exposure
taken at MBJD 58605.45615 during the decay phase of the flare (orange curve).
Bottom: quiescent-subtracted flare decay spectrum. Brightening of chromospheric
emission lines, such as Ha, Hel, and the Nal doublet (labelled in diagram) are
clearly visible. Due to cloud cover, atmospheric [O I] lines at 5577, 6300, and
6363 A | indicated in gray-shaded regions, could not be subtracted and should be
ignored.
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Figure 4.5: Same as Figure 4.4, but for the WiFeS B7000 (A3500-4355 A) spec-
tra. Brightening and broadening of Balmer lines, from H~ through to H14 are
evident, along with an enhancement of the continuum toward the blue end of the
spectrum.

4.4.2 WiFeS Time-Resolved Spectroscopy

Spectroscopic monitoring with the WiFeS on board the ANU 2.3m Telescope (Do-
pita et al., 2007) shows broadening and intensification of the Balmer lines, and the
appearance of other chromospheric emission lines (e.g., He I A\4026, 5876, 6678 A)
during this flare (Figures 4.4 and 4.5). This indicates substantial energy deposition
by accelerated particles into the stellar chromosphere. Unfortunately, these observa-
tions were affected by poor weather, making it difficult to reliably detect variability
in chromospheric emission line strength over the whole night. Along with the ap-
pearance of higher-order Balmer lines (up to H14 A3721 A), Figure 4.5 also shows
a continuum enhancement toward the blue end of the spectrum. Figure 4.2 shows
that the equivalent width of the Ha line is well correlated with the gradual decay
of the flare continuum, consistent with previous observational results (e.g. Hawley
& Pettersen, 1991).

4.4.3 Radio Bursts Detected with ASKAP

Observations with the ASKAP (McConnell et al., 2016)) centered at 888 MHz show
three successive bursts, which we denote as ASKAP Bursts 1, 2, and 3 (AB1, AB2,
and AB3 respectively). Figure 4.2 shows the total intensity (Stokes I) dynamic
spectrum and full-Stokes light-curves in their multiwavelength context, and the full-
Stokes dynamic spectra of the bursts are shown in Figures 4.6 and 4.7. Figure 4.1
shows two 10s snapshot images, taken 20s prior to (bottom left) and at the peak
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Figure 4.6: Dynamic spectrum of AB1 in Stokes I, @, U and V (top to bottom),
showing the rapid onset (rise time < 10s) linear polarisation, and downward-
drifting upper envelope of AB1. The temporal and spectral resolution are 10s
and 1 MHz, respectively.
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Figure 4.7: Full-Stokes ASKAP dynamic spectrum, showing intensity as a func-
tion of frequency and time for Stokes I, @, U, and V from top to bottom. The
high degree of circular polarisation for all bursts, and diffuse spectro-temporal
structure of the linearly polarised component of AB2 are evident. The spectral
resolution is 3MHz for Stokes I and V', and 6 MHz for Stokes Q and U. The
temporal resolution is 10s for all Stokes parameters.



90 CHAPTER 4. A TYPE IV BURST FROM PROXIMA CEN

Label ¢+ MBJD 58605 At Speak Tb,peak @ fL fU fp v

(days) (mins) (mJy) (x10" K) (%) (%) (%) (MHzs™ 1)
AB1 0.4466 1.3 1424+14 2934+0.03 365£1.1 —-521+13 571+£14 —4.70 £ 0.66
AB2 0.4715 119 247+14 051£0.02 433+04 874£08 985+1.0 Complex®
AB3 0.5652 354 41.0+14 0.84+0.02 <9¢ 91+4 91+4 5940.3 x 1073

Table 4.1: Properties of the radio bursts. Columns, from left to right: burst
label, start time, duration, peak flux density, brightness temperature; fractional
linear polarisation; circular polarisation, and total polarisation, and frequency
drift rate. To avoid positive biases due to Ricean statistics, fractional polarisa-
tions were measured by masking out insignificant values (signal-to-noise ratio < 1)
in the dynamic spectra, before averaging over frequency and taking the quadrature
sum where relevant. Notes: a) This is a lower limit owing to the conservatively
large size of the emission region used; b) AB2 exhibits reversals in its drift direc-
tion, preventing simple characterisation with a linear drift rate; ¢) Some linear
polarisation is evident at the beginning of AB3. However, this is likely to be from
the overlapping tail end of AB2.

of AB1 (bottom right). Table 4.1 summarises the important burst properties. The
important observational characteristics of these bursts include high flux densities
(peak flux density > 100 mJy, high degree of circular polarisation (|V/I| > 50%),
presence of moderate degrees of linear polarisation for AB1 and AB2 (~ 40%), and
narrow-band and sharp-cutoff spectral features. To measure fractional polarisations,
we masked insignificant values (signal-to-noise ratio < 1) in the dynamic spectra for
each Stokes parameter, before averaging over frequency and taking quadrature sums
where relevant. This mitigated positive biases toward the fractional polarisation due
to the Ricean statistics of quadrature-summed signals.

To measure the drift rate of ASKAP Bursts 1 and 3 (AB1 and AB3), we mea-
sured a characteristic frequency of the burst for each temporal integration. We fit the
time-frequency ordinate pairs with a linear model, using emcee (Foreman-Mackey
et al., 2013) to estimate the slope and intercept parameters. AB1 is broadband, and
its lower spectral cutoff is below the frequency range of the observations. For this
reason, we measured the upper frequency cutoff (defined as the highest frequency
where the intensity exceeds a 60 threshold of 71 mJy), and took this as the char-
acteristic frequency. The slope in the upper frequency cutoff of AB1 is evident in
Figure 4.6. For AB3, we took the frequency of maximum flux density for each inte-
gration as the characteristic burst frequency, since the drifting component of AB3
is contained within the bandwidth of our observation. The derived drift rates are
—4.7+0.7MHzs™! for AB1 and —7.0 & 0.2kHzs™! for AB3.

4.4.4 Determining the Radio Emission Mechanism

The brightness temperature is an important diagnostic of the emission mecha-
nism, with very high brightness temperatures indicating a coherent emission pro-
cess. Conservatively assuming a source size equal to the size of the full stellar disk
(R« = 0.146 R; Ribas et al., 2017), we can calculate a lower limit on the brightness
temperature using Equation 14 from Dulk (1985). The lower limits on the bright-
ness temperature for each burst are given in Table 1, and lie within the range of
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101910 K. Due to the high brightness temperatures, along with the high degrees
of polarisation (up to 100%), and the spectral structure of the bursts (including
narrow-band features and sharp frequency cutoffs), coherent emission is strongly fa-
vored. In the context of stellar radio emission, the most plausible coherent emission
mechanisms are the electron cyclotron maser instability (ECMI), or plasma emission
(Melrose, 2017; Dulk, 1985).

In the case of AB3, assuming that the drifting component with bandwidth Ay =
120 MHz arises from a single ECMI source, we can estimate the length of the emitting
region L as Ly ~ LgAv /v, where Ly = |B/V B| is the magnetic scale height, taken
to be close to the stellar radius (i.e. ~ 1 x 10'%cm). For Av = 120MHz, v =
950 MHz, we obtain a source length of 1.3 x 10° cm. Using this as the characteristic
source size, we obtain brightness temperatures in the range of 103K to 10K,
confirming the need for a coherent emission mechanism.

AB1 and AB2 also exhibit elliptical polarisation, as can be seen in Figures 4.6 and
4.7. Possible interpretations of its origin include intrinsically elliptically polarised
emission arising from a strongly rarefied duct (Zic et al., 2019b; Melrose & Dulk,
1991); or coupling of the extraordinary and ordinary magneto-ionic modes as the
radiation traverses an inhomogeneous quasi-transverse region (Kai, 1963). In the for-
mer case, only the ECMI can be responsible for the emission, while in the latter case
both fundamental plasma emission or ECMI emission are plausible emission mecha-
nisms. While both mechanisms are plausible, the complex time-frequency structure
of AB2 and the lower frequency cutoff of AB3 can be more readily explained by the
modulation and/or geometrical beaming effects of the ECMI mechanism, whereas
plasma emission would require upward and downward motion and/or density fluc-
tuations of an excited plasma region because this emission is more isotropic than
beamed ECMI.

4.4.5 Inferring Physical Properties from the ECMI Emission

The properties of AB2 and AB3, which make up the type IV burst, can be used
to infer properties of the associated post-eruptive loop system. The ~ 40% degree
of linear polarisation in AB2 implies a strongly under-dense source region, since
Faraday rotation effects, such as differential Faraday rotation and bandwidth depo-
larisation, should be strong in a dense and highly magnetised stellar corona (Sokoloff
et al., 1998; Melrose & Dulk, 1991). Melrose & Dulk (1991) considered the elliptical
polarisation of Jovian decametric radio emission (Lecacheux et al.,; 1991; Boudjada
& Lecacheux, 1991), and argued that for the elliptical polarisation to be preserved
along the propagation path, mode coupling around the emission region, and along
the propagation must be weak. This leads to a condition on the electron density,
n. S a(v/25 MHz) , (4.6)
where « is a geometrical factor of order unity, which we take to be 1. Using this, we
compute an electron density upper limit of ~ 30 cm™3, corresponding to our lowest
observing frequency v = 744 MHz. This limit is derived based on the emission
angle relative to the magnetic field § satisfying cos?(f) < 1, along with assumptions
that 12/v? < 1 and v} sin(f)/2* < 1 — 1. /v < 1 close to the emission region,
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and 1/1% /v* < 1, v./v < 1 more than about one magnetic scale length from the
emission region (Melrose & Dulk, 1991). The emission frequency for ECMI is close
to the local electron cyclotron frequency v, = eB/m.c ~ 2.8BMHz, or its second
harmonic. Assuming first (fundamental) harmonic emission, ECMI radiation in the
ASKAP band (744-1031 MHz) corresponds to local magnetic field strengths ranging
from ~270-370 G. The low plasma density inferred from the elliptical polarisation
implies a local plasma frequency v, < 100kHz, a factor of at least ~ 1000 lower
than the local electron cyclotron frequency. These properties satisfy the condition
vp/v. < 1 for operation of the ECMI (Melrose & Dulk, 1982).

Using the observed frequencies of the emission, we can estimate the vertical extent
of the post-eruptive loop system. The average surface magnetic field of Proxima Cen
is 600+£150 G (Reiners & Basri, 2008b). Considering that the magnetic field strength
in active regions may be substantially stronger, we use a range of basal magnetic
field strengths from 600-1600 G. Assuming (1) that the ECMI-emitting region fills a
fraction between 0.1 and 0.5 of the length active loop (consistent with the fractional
bandwidth of the bursts) from the footpoints, (2) an upper frequency cutoff for AB3
of ~ 1200 MHz, and (3) a dipolar loop geometry (so that B(r) oc r—3), we estimate
loop sizes from ~0.3-1.0 stellar radii (~ 0.3-1.0 x 10'° cm).

4.4.6 Probability of a Coincident Flare and Radio Burst

To compute the probability that the optical flare and AB1 are temporally aligned by
chance coincidence, we followed the approach of Osten et al. (2005). We assume the
probability distribution function of observing N flares occurring at a rate A\ within
a time interval At is

P(N | A\, At) = e (AAHYN /NI (4.7)

If two flare events in disparate wave bands are independent, then the probability
of observing both within a time interval 7 of each other is just the product of
their independent rate probabilities. For the optical flare, using the bolometric
flare energy of ~ 1.6 x 103?erg we calculate a rate for flare of this energy and
higher of ~ 0.04 day ' using the cumulative flare frequency distribution model from
Howard et al. (2018). The burst rate of Proxima Cen at radio frequencies is not well
constrained and is likely to be frequency dependent (Villadsen & Hallinan, 2019).
Given the six bursts observed in 46 hr of observing time with ASKAP, we estimate
an ASKAP-band radio burst rate of ~ 3days™!, above a detection threshold of a
few millijansky:.

Using the flare temporal model described above, we determine that the time at
which the flare reaches 1% of its peak intensity is 94.591)32 min. Taking this as the
flare onset time, we obtain a temporal offset between the peak of AB1 and the flare
onset of 427125, taking the 10s ASKAP integration time as the uncertainty around
the peak of AB1. Using Equation 4.7 with a temporal offset of 42s, we obtain a
probability of independent, coincident events of 3.2 x 1078, strongly indicating a
causal relation. Considering there were four additional lower-energy flares detected
by TESS during ASKAP observations (Vida et al., 2019b), and taking the total
TESS flare rate of 1.49days™* (Vida et al., 2019b), we obtain a conservative trials-
factor corrected coincidence probability of 7.8 x 107%. This is an overestimation,



4.4. DETECTION OF FLARE AND RADIO BURST EVENTS 93

because the rate of energetic flares such as the one detected on MBJD 58605 is
substantially lower than the total flare rate. This represents the first definitive
association of an interferometrically detected coherent stellar burst with an optical
flare in the literature.

4.4.7 Classification of Radio Bursts

The association of these radio bursts with the large optical flare indicates that they
can be interpreted within the paradigm of solar radio bursts, which also are asso-
ciated with multiwavelength activity. We interpret AB1 as a solar-like decimetric
burst or an unresolved group of type III bursts. In the latter interpretation, we
note that the measured frequency drift rate of —4.7 & 0.7 MHzs™! may represent
the ‘envelope’ of the group of bursts rather than the drift of the individual bursts
themselves. Solar observations show that both decimetric spike and type II bursts
are often associated with hard X-ray bursts (Trottet, 1986; Stewart, 1978). The
occurrence of AB1 prior to the impulsive phase of the flare (see Figure 4.3) suggests
that particle acceleration was already ongoing during this early time (Trottet, 1986).
This is consistent with the findings of Kundu et al. (2006), who detected decimetric
bursts similar to AB1 prior to the impulsive phase of a flare, which occurred high
above the impulsive flare energy release site. They suggested that these decimetric
bursts indicate a destabilisation of the upper coronal magnetic field, which may be
connected in some way to the flare energy release in the lower corona.

The onset of AB2 is 35 minutes after the flare impulsive peak, and occurs during
the gradual decay phase of the flare. This burst lasts for 119 minutes and has a
complex morphology, exhibiting a variety of both positive and negative drift com-
ponents. These details of AB2 are consistent with the ~ 30 minute delays from
solar flare peaks of the type IVdm bursts studied in Cliver et al. (2011), and of the
complex early component of type IVdm bursts described in Takakura (1967). AB2
is also elliptically polarised, a property also exhibited by some type IV bursts (Kai,
1963).

The radio light-curves in Figure 4.2 show that AB3 either directly follows, or
temporally overlaps with AB2, and shares the same handedness of circular polarisa-
tion. This suggests that they are two components of the same event, and are likely
to originate from the same region in the stellar corona. The fractional bandwidth
Av /v ranges from 0.1-0.3, although the upper frequency cutoff is not within the
ASKAP frequency range at the early stages of the burst, so the upper limit may
be higher. The burst is up to 100% circularly polarised, and exhibits a gradual
drift of —7.0 & 0.2kHzs™! over its 353 minute duration. These properties are again
consistent with solar type IV bursts, which display high degrees of circular polar-
isation (up to 100%), high brightness temperatures (~ 10" K; Cliver et al. 2011),
and can show relatively modest fractional bandwidths (Benz & Tarnstrom, 1976).
The long-duration, slowly drifting morphology of the event also closely resembles
other type IVdm events from the Sun (e.g., see Figure 5(a) from Cliver et al., 2011
or Figure 2(d) from Takakura, 1963).

The properties of AB2 and AB3 together, and their association with the 1.6 x
1032 erg optical /Ha flare, identify this radio event as a type IV burst. Our detection
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of this event with full-Stokes dynamic spectroscopy along with the suite of multi-
wavelength observations make this the most compelling example of a solar-like radio
burst from another star to date.

4.4.8 Type IV Bursts as Indicators of Post-Eruptive Arcades
and Coronal Mass Ejections

As described in Section 4.2.1, studies of solar type IV bursts have established that
these events are very closely associated with CMEs and SEPs (Robinson, 1986;
Cane & Reames, 1988a,b), and indicate ongoing electron acceleration during mag-
netic field reconfiguration in the wake of CMEs (e.g. Kahler & Hundhausen, 1992).
Recently, a systematic study of solar type IV events by Salas-Matamoros & Klein
(2020) established that these bursts occur in columnar structures near the extrem-
ities of post-eruptive loop arcades, which they ascribe to the magnetic flux rope of
the outgoing CME. The association of post-eruptive loop arcades and CMEs with
decimetric type IV bursts has also been noted by Cliver et al. (2011) — for example,
the 2002 April 21 “HF type IV” burst presented in Kundu et al. (2004) and Cliver
et al. (2011) occurred at the same time as the rise of a post-eruptive loop system
after an X1.5 flare (Gallagher et al., 2002). Cliver et al. (2011) argued that these
bursts may be originate in low-density flux tubes, with a field-aligned potential drop
driving ECMI emission. Ultraviolet imaging of the rising post-eruptive loop arcades
during the 2002 April 21 event showed the presence of evacuated flux tubes (Gal-
lagher et al., 2002), supporting this claim, and perhaps explaining the existence of
small degrees of linear polarisation in other solar type IV bursts (Kai, 1963; Mel-
rose & Dulk, 1991). This picture, developed from multiwavelength observations of
solar flares may explain the high degree of circular polarisation, presence of linear
polarisation, and the long duration of the type IV burst from Proxima Cen. Driven
by large-scale magnetic field reconfiguration associated with a post-eruptive loop
arcade, the type IV burst from Proxima Cen is highly suggestive of a CME leaving
the stellar corona (Robinson, 1986; Cane & Reames, 1988a; Tripathi et al., 2004).

If this type IV burst is indeed associated with a CME, it does not directly probe
CME properties, but its exceptional nature indicates that eruptive processes on
active M-dwarfs may only be associated with the most powerful flares. This is
consistent with numerical simulations of CMEs and associated type II bursts by
Alvarado-Gomez et al. (2020), who reported that a simulated CME with a kinetic
energy of 1.7 x 1032 erg is weakly confined within a Proxima Cen-like magnetosphere.
Applying a solar-like energy partition between bolometric flare energy and CME ki-
netic energy (Ex.cme) of Evo/Erxome = 0.3 (Emslie et al., 2012), we estimate a
CME kinetic energy of ~ 5.5 x 1032 erg for the putative CME indicated by our flare—
type IV event. Even with a more conservative energy partition Fho/Excue = 1
(Osten & Wolk, 2015) (resulting in Fx.cmr = 1.6 X 1032 erg), these CME kinetic en-
ergy estimates closely match or exceed the weak CME confinement scenario explored
by Alvarado-Gomez et al. (2020), depending on the flare-CME energy partition.

If energetic flares such as the 1.6 x 102 erg flare presented here are necessary for
eruptive space weather events, then their low rate (~ 0.04day™!; Howard et al.,
2018) indicates that the space weather environment around Proxima Cen may be
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less threatening to planetary habitability than predicted by solar scaling relations
(Osten & Wolk, 2015). However, without direct evidence for the putative CME
and its influence on planetary companions, our inferences on the space weather
environment around Proxima Centauri also remain indirect.

4.5 Conclusions

We have presented simultaneous optical and radio observations of the nearby active
M-dwarf and planet host, Proxima Cen. Photometric monitoring with TESS and
the Zadko 1 m Telescope reveal a large flare, with an estimated bolometric energy
of 1.6 x 1032 erg. Simultaneous spectroscopic monitoring with WiFeS showed strong
enhancements in Ha and other chromospheric emission lines, indicating substan-
tial deposition of energy into the chromosphere. Radio observations with ASKAP
reveal a sequence of intense coherent bursts associated with this flare. The first,
ABI, occurred ~ 42s before the onset of the optical flare. The burst properties are
consistent with solar-like decimetric spike bursts, which occur prior to the impulsive
phase of flares, and indicate electron acceleration prior to the main impulsive out-
burst. The spectro-temporal and polarisation properties of the radio bursts that trail
the optical flare identify them as a type IV burst event. This is the most compelling
identification of a solar-like radio burst from another star to date. Appealing to the
properties of solar radio bursts, we suggest that the type IV burst from Proxima
Cen is indicative of a CME, and ongoing electron acceleration in post-eruptive mag-
netic structures. Observational campaigns incorporating low-frequency radio, soft
X-ray, and extreme ultraviolet observations may reveal in more detail the proper-
ties of post-eruptive loop systems on M-dwarfs, and directly probe CME properties.
These will be required to verify the solar type IV burst-CME relationship on active
M-dwarfs, and to probe the influence of these events on planetary companions. To
this end, we strongly encourage further effort toward improving our understanding
of space weather around active stars, which remains limited in comparison to the
solar case.
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Chapter 5

Conclusions and outlook

In this thesis, we have investigated low-frequency radio emission from active low-
mass stars, and harnessed this emission to probe their magnetospheres. Observations
with ASKAP, detailed in Chapters 3 and 4, have clearly demonstrated the ability of
this instrument to detect stellar radio bursts with unprecedented data quality. These
observations also demonstrate the potential of the relatively unexplored frequency
range of ~ 700 — 1000 MHz for exploring coherent stellar radio bursts (Villadsen &
Hallinan, 2019). With commencement of the full ASKAP sky surveys on the horizon,
the near future holds great promise for this area of research. In the following sections,
I will summarise results from this thesis, and outline areas of future work.

5.1 Low frequency GMRT observations of ultra-
cool dwarfs

In Chapter 2, we presented ~ 610 and ~ 1300 MHz Giant Metrewave Radio Tele-
scope (GMRT') observations of nine ultra-cool dwarfs previously detected at radio
frequencies. The aim of this investigation was to place tighter constraints on their
magnetospheric properties by constraining the shape of the optically-thick end of
the quiescent radio emission, and to determine the existence of a low-frequency com-
ponent of the bursts observed at higher frequencies. We detected two of the nine
targets: 2MASS J1314+1320, and 2MASS 0746+20 at both 610 and 1300 MHz, find-
ing that only 2MASS J1314+1320 showed emission consistent with optically thick
gyrosynchrotron radiation. None of the targets exhibited significant variability over
timescales of minutes to hours, in contrast to the bursty behaviour observed at
higher frequencies. Using our low-frequency measurements and archival measure-
ments of flux density from the literature, we performed radiative transfer modelling
to determine the range of coronal parameters consistent with the observed shape
of the spectral energy distribution. We found that we could only place fairly weak
constraints on the coronal parameters, largely due to the non-simultaneous measure-
ments of the spectral flux densities which are variable on timescales of days-months,
and an unknown source region size. Nonetheless, our observations demonstrate that
some ultra-cool dwarfs are capable of producing low-frequency emission, but the ma-
jority do not. The lack of low-frequency bursts indicates that the electron cyclotron
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maser instability (ECMI) driving the bursts at higher frequencies is confined to the
lower portions of the stellar magnetosphere.

5.2 ASKAP detection of periodic and elliptically
polarised radio pulses from UV Ceti

In Chapter 3, we presented observations of the prototypical dMe flare star, UV Ceti
(a.k.a L726—8 B) with the ASKAP during commissioning tests for the Variables
and Slow Transients survey (Murphy et al., 2013). Previous studies of this M5.5e
binary member have shown that it exhibits activity well-characterised by the solar
paradigm (e.g. Guedel et al., 1996). In stark contrast to expectations for solar-like
activity, recent low and mid-frequency radio observations hinted at a periodicity of
the coherent radio bursts from UV Ceti — a signature of auroral activity seen on
the lower-mass brown dwarfs, and on magnetised planets. Our ASKAP observa-
tions — the longest continuous radio-frequency observations of this star to date —
confirmed the periodicity of these coherent bursts, showing for the first time that
main-sequence active stars can possess large, stable auroral current systems. The
similarity of the pulses observed ~5 months apart suggests an origin from a stable
magnetic feature in the stellar magnetosphere. Further, our observations revealed
a linearly polarised component of the pulsed ECMI emission, confirming the earlier
detection of elliptically polarised ECMI emission by Lynch et al. (2017). We argued
that the existence of the linearly polarised component of the emission implies that
the emission must arise from an extremely rarefied density cavity in the stellar mag-
netosphere, with a density n, < 41cm™3 — at least 7 orders of magnitude less dense
than expected from a simple hydrostatic equilibrium model of the corona. This may
represent an extreme version of the low-density ducts observed in the terrestrial
auroral regions (Ergun et al., 2000), but further investigation into the emission and
its implications on the source environment is warranted. These results suggest that
the transition from solar-like to planetary-like auroral activity may begin with ac-
tive M-dwarfs, and that rapidly-rotating M-dwarfs with strong, large-scale dipolar
magnetic fields may host aurorae similar to UV Ceti.

5.3 A flare-type IV burst event from Proxima Cen-
tauri and implications for space weather

Chapter 4 details results from one night of an 11-night multi-wavelength campaign
targeting the active planet host, and nearest solar neighbour, Proxima Centauri
(Proxima Cen). Like UV Ceti, Proxima Cen is also spectral type M5.5¢e, but is much
more slowly-rotating, with a period of ~ 82.5 days (Kiraga & Stepien, 2007) (c.f.
5.4432+0.0072 h for UV Ceti; Barnes et al., 2017), and so occupies a different region
of parameter space in the operation of fully-convective dynamos. The goal of our
campaign was to detect signatures of space weather events from Proxima Centauri
by observing solar-like coherent radio bursts, which have only been observed once
before on another star (Kahler et al., 1982).
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We detected a flare in optical continuum and chromospheric emission lines with
photometric and spectroscopic monitoring, with an estimated bolometric energy of
2.1x10%2 erg. ASKAP observations revealed a series of intense, coherent radio bursts
which we associate with the large flare. The first of these bursts was a short, intense,
and broadband burst which occurred approximately 50s prior to the onset of the
optical flare. This is the first confirmed coherent radio burst directly associated
with multi-wavelength flaring activity from another star, indicating the operation
of solar-like flaring activity. Two subsequent coherent bursts occurred during and
after the decay phase of the flare. The polarisation properties, spectro-temporal
morphology, and relationship with the optical flare allow us to identify these bursts
as a solar-like type IV event. This is the first example of a solar-like radio burst
detected with modern interferometric instruments, and with full-Stokes dynamic
spectroscopy.

Solar type IV radio bursts are highly associated with CMEs (Salas-Matamoros
& Klein, 2020; Robinson et al., 1986), and are thought to be driven by ongoing
acceleration in magnetic structures (e.g. Salas-Matamoros & Klein, 2020; Cliver
et al., 2011). By analogy with the established paradigm for solar type IV bursts, we
suggest that the type IV burst from Proxima Cen is associated with a CME from
the star, and indicates ongoing electron acceleration in a post-eruptive loop arcade
or CME magnetic flux rope. Our detections show a promising CME candidate from
Proxima Cen, indicating that CMEs may erupt from active M-dwarfs and generate
a solar-like space weather environment.

5.4 Overview and future work

In this thesis, we sought to harness low-frequency radio emission from low-mass,
active stars to investigate different manifestations of magnetic activity present in
these objects. The lowest-mass stars — ultra-cool dwarfs and brown dwarfs — have
been shown to exhibit planetary-like auroral activity (Hallinan et al.; 2015). Using
the GMRT, we have determined that most of these objects do not produce low-
frequency emission, indicating that the driver for the auroral ECMI radio emission
arises from the lower magnetosphere. We also demonstrated that low-frequency
emission can be used to moderately constrain coronal properties of these low mass
stars.

On the other hand, observations of active M-dwarfs from microwave to X-ray
wavelengths have shown that their magnetic activity is well-described by the solar
activity paradigm (e.g. Gudel et al., 1993; Guedel et al., 1996; Giidel et al., 2002a).
However, modern low-frequency observations of these stars have been difficult to
interpret in the solar paradigm (Kundu et al., 1988; Bastian, 1990; Villadsen &
Hallinan, 2019). Our observation of a flare-type IV event from Proxima Cen demon-
strates that at least some low-frequency emissions from active low-mass stars can
operate in the solar paradigm, and that these stars may possess a solar-like space
weather environment. In stark contrast, our observation of periodic pulses from the
highly magnetic, rapidly-rotating ‘twin’ of Proxima Cen, UV Ceti (Kervella et al.,
2016), reveal that active M-dwarfs with active solar-like coronae can also host stable,
large-scale aurorae.
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The similar mass, temperature, and spectral type, but distinct age and rotation
rate of UV Ceti and Proxima Cen suggests that rotation is a key factor behind this
apparent dichotomy in magnetic activity at low radio frequencies. This appears to be
consistent with the picture of rapidly-rotating active stars possessing strong dipolar
magnetic fields which gradually give way to more complex multipolar fields as they
spin down and age (Yadav et al., 2016, 2015; Vidotto et al., 2014; Reiners & Basri,
2008a). Verifying this claim will clearly requires significantly more observational
evidence, ideally through statistical studies of the prevalence of auroral vs. solar-
like radio activity in active M-dwarfs as a function of mass, age, rotation rate, and,
where possible, magnetic topology.

With this in mind, a promising line of future work will be to a search for auroral
radio emission similar to UV Ceti from other active M-dwarfs. By investigating how
the occurrence of this phenomenon depends on fundamental stellar properties such as
mass, age, rotation rate, and planetary companions, we may better understand how
these powerful current systems are generated in large-scale stellar magnetic fields.
Detailed studies of individual systems may uncover more about the physical driver
of the auroral systems, possibly indicating interaction with planetary companions
(e.g. Vedantham et al., 2020).

We have also reported a promising candidate for a space weather event from Prox-
ima Centauri. To detect additional rare stellar type IV radio bursts and verify their
relationship with CMEs, further sustained multi-wavelength campaigns, harnessing
low-frequency radio, X-ray, and ultra-violet observations, will be required. This will
provide the first observational constraints on the space weather environment around
active M-dwarfs.

A surprising phenomenon which we reported in Chapters 3 and 4 was the presence
of a linearly-polarised component of the coherent emission. As discussed in Section
1.3.1, linear polarisation is expected to be destroyed or undetectable from within
stellar coronae. Its presence therefore indicates very special conditions within and
around the emission environment. In this work, we use the elliptical polarisation
infer that the emission arises from extremely rarefied density cavities in the magne-
tosphere, similar to the case of Jovian decametric emission (Melrose & Dulk, 1991).
However, the nature of these cavities, their formation, and their stability remains
unclear. Furthermore, some of the emission shows evidence for Faraday rotation.
We have begun exploring ways to harness this effect to probe the densities and
magnetic fields in stellar coronae. However, any investigation will require careful
assessment of the validity of the assumptions in magneto-ionic theory underpinning
standard Faraday Rotation techniques.

The results presented in this thesis demonstrate the rich and varied phenomena
in stellar magnetospheres that can be probed with low-frequency observations. Our
results also raise further questions into the magnetic activity of low-mass stars, some
of which we have outlined above. These future investigations will provide unique
insights into the nature of magnetic fields around low-mass stars, and their effect
on the circumstellar environment. With full ASKAP sky surveys commencing im-
minently, upgrades to the Murchison Widefield Array, and other Square Kilometre
Array precursors such as MeerKAT and the Low Freqeuncy Array (LOFAR) ap-
proaching full operations, there appears to be fertile ground to explore in future.
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