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Abstract

Empirical trends in stellar X-ray and radio luminosities suggest that very low mass
stars and brown dwarfs should not produce significant radio emission. Defying
these expectations, strong non-thermal emission has been observed in some UCDs
in the 1−10 GHz range, often attributed to global aurorae. At higher radio frequen-
cies, flux due to global aurorae becomes unphysical, and is instead attributed to
gyrosynchrotron radiation. In my Ph.D. work I used observations in this frequency
range (30−100 GHz) to infer the presence of gyrosynchrotron radiation from ultra-
cool dwarfs in three stars, and to place upper limits on the radio flux on three other
stars that were not detected. Prior to this work, only one ultracool dwarf had been
detected at such high radio frequencies. My results suggest that gyrosynchrotron
radiation from radio-loud ultracool dwarfs might be more common than previously
assumed. Another key component of my thesis has been an extensive radio study
of the ultracool dwarf TRAPPIST-1. The TRAPPIST-1 system is notable for its
seven terrestrial planets, at least three of which orbit within the habitable zone. I
put upper limits on the quiescent radio emission from the star at 44 and 97.5 GHz
using the VLA and ALMA, and monitored the long-term 2 GHz emission from
the star over 50 hours to search for variability. I used these results to constrain
the possible gyrosynchrotron radiation from the star, as well as the resulting space
weather impacts on surrounding planets. My results from the TRAPPIST-1 studies
suggest that the TRAPPIST-1 planets are not regularly exposed to high popula-
tions of energetic particles due to stellar activity, supporting the case for planetary
habitability.
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Lay Summary

The smallest stars and sub-stellar objects are referred to as ultracool dwarfs (UCDs).
UCDs are relatively common, but are difficult to detect at radio frequencies. Obser-
vational trends and their internal structure suggest UCDs should have low magnetic
activity and no detectable radio emission. However, radio observations reveal that
∼10% are radio-loud, with brighter emission than expected. There are two primary
explanations for the radio brightness: aurorae similar to those seen on Solar System
planets, or eruptive magnetic events. These two explanations can be distinguished
by observations at high radio frequencies, for which only emission from magnetic
events is detectable. Prior to my work, only one UCD had been detected at these
high frequencies. I have quadrupled that number, as well as placed limits on the
magnetic activity possible from radio quiet UCDs. I then investigated the potential
impacts of radio-emittingmagnetic events on the stability of planetary atmospheres.

iv



Preface

Chapters 1. Figures 1.1, 1.3, 1.10, 1.12, are used with permission from applicable
sources.

Chapter 3 is based on an Astrophysical Journal publication (Hughes et al., 2021). It
uses ALMA and VLA observations of five ultracool dwarfs to measure the strength
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this paper include Aaron Boley, Rachel Osten, Jacob White, and Marley Leacock.
JacobWhite aided in the data reduction and analysis, and Rachel Osten aided in the
scientific interpretation of the results. All co-authors assisted in providing feedback
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tion (Hughes et al., 2019). It uses ALMA and VLA observations of TRAPPIST-1
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Jacob White. Jacob White aided in the data reduction and analysis, and Rachel
Osten aided in the scientific interpretation. All co-authors assisted in providing
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publication.

Chapters 5. Figure 5.2 is used with permission from the applicable source.

This body of work was identified, designed, and carried out by Anna Hughes.
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Chapter 1

Introduction to Ultracool Dwarfs

Low-mass stars and brown dwarfs are among the most common objects in the
Milky Way, yet their low brightness makes them difficult to study. They were long
expected to be so dim at radio frequencies that they would be undetectable by even
the most sensitive radio telescopes. However, a surprising 10% of them are very
bright at radio frequencies with emission exceeding predicted values by up to four
orders of magnitude (Antonova et al., 2013; Route and Wolszczan, 2016; Lynch
et al., 2016; Berger, 2006). The explanations for this radio brightness are still
under investigation. In this thesis, I explore gyrosynchrotron radiation, especially
at frequencies in the range of 30 − 100 GHz as a possible component of UCD
radio brightness. The detected gyrosynchrotron radiation could originate from
magnetic reconnection events that, if similar to Solar activity, can also cause a
space weather environment that is inhospitable to surrounding Earth-like planetary
atmospheres. The possible impacts of gyrosynchrotron-emitting UCDs on any
surrounding planets are explored.

1.1 M Dwarfs
Stars are broadly categorized by their spectra under the Harvard spectral classifica-
tion into the types O, B, A, F, G, K, and M, ranging from the bluest stars (spectral
type O) to the reddest stars (spectral type M). Along the main sequence the spectra
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also correspond to mass and temperature, where O type stars are the hottest and
most massive, whereas M type stars are the coolest and lowest mass. Each spectral
type is further subdivided by temperature along a decimal scale from 0 (hottest)
to 9 (coolest). The hottest stars along this sub-sequence are often referred to as
early-type, whereas the coolest stars are referred to as late-type. These colloquial
terms originate from the outdated idea that stellar evolution follows the sequence
of spectral types, with stars beginning their lives as bright, hot O-type stars and
slowly burning through their fuel and expelling mass to become cool, dim M-type
stars (MacPherson, 1920). While this theory has since been abandoned following
the discovery of red giants and stellar nuclear fusion, giving rise to modern stellar
evolution theory (Beccari and Carraro, 2015), these terms are still used as a proxy
for temperature in sub-classes. The distribution of spectral types is generally repre-
sented by the Hertzsprung-Russel diagram, a log-log plot showing the luminosity,
typically normalised to that of the Sun, L�, and effective temperature of stars (Fig.
1.1). The continuous band of stars is known as the Main Sequence. Stars on this
sequence are powered by the fusion of hydrogen into helium.

Large stellar surveys throughout the 20th century and into the 21st century
have shown that stars in the Solar neighbourhood are not evenly distributed across
spectral type. An estimated 75% of all stars in the Milky Way fall into spectral type
M, defined by the photosphere temperature range 2300−3800 K and the mass range
0.075− 0.6 M� (Henry et al., 2006). However, despite their abundance, no M stars
- or “M dwarfs” in reference to their small size when along the main sequence - are
visible to the unaided eye. Even the brightest M0 star, Lacaille 8760, has less than
10% the Sun’s luminosity and has an apparent luminosity, or brightness as seen
from Earth, just below the physical limits of the human eye. The low luminosities
of M dwarfs have long impeded their discovery and characterisation. The closest
neighbouring star to the Sun, M5.5 dwarf Proxima Centauri, was not discovered
until the early 1900s despite being just 4.2 light-years away.

Around masses of 0.35 M� and less, M dwarfs become fully convective (dis-
cussed in detail in Section 1.3.1). While more massive, Sun-like stars are only able
to access 10% of their hydrogen for fusion, fully convective M dwarfs can burn
through much larger reserves, nearly all of their fuel. Additionally, their lowmasses
mean that M dwarfs burn through their fuel at much slower rates than larger stars
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Figure 1.1: TheHertzsprung-Russel diagram, developed in the early 1900s by
Ejnar Hertzsprung and Henry Norris Russell. It shows the temperature
and luminosity - or corresponding colour - of main sequence stars. The
luminosity is typically normalised to the Solar luminosity, L�. This
image from the European Southern Observatory (ESO) is used with
permission under the Creative Commons Attribution 4.0 International
Licence.
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due to lower gravitational pressure (Iben, 1967). These two factors enableM dwarfs
to have exceptionally long lifetimes compared to their more massive counterparts,
with the lowest-mass M dwarfs predicted to have hydrogen burning timescales of
τH ∼ 1013 yr (Laughlin et al., 1997), longer than the age of the universe. Because
of their exceptionally long lifetimes and formation timescales, every M dwarf that
has ever formed is still in the hydrogen burning stage, and still resides on the main
sequence unless it has been disrupted by an external force.

The differences in stellar evolution between M dwarfs and larger stars extends
beyond lifetimes. Stellar rotation can be used as a proxy to measure age, where F,
G, and K stars older than 500 Myr have stellar rotation rates, ω, that decrease with
age, t, roughly as ω ∝ t−1/2 (Skumanich, 1972). M dwarfs spin down as they age
due to the interaction between their magnetic field and stellar wind, which transfers
angular momentum from the star to the wind. However, unlike F, G, K, and early-M
stars, mid-to-late M dwarfs appear to have brief but very rapid spindown periods.
Fully convective M dwarfs can maintain rapid rotation rates (Period <10 day) for
/ 2 Gyr on the main sequence, followed by a sudden decrease to rotation periods of
100 days by an age of 5 Gyr. Newton et al. (2016) determined this by measuring the
photometric rotation rates and galactic kinematics of mid-to-late M dwarfs to find a
correlation with age, and rapid spin-down is suggested by the lack of intermediate
rotation rates in mid-to-late M dwarfs.

Substantial magnetic activity is observed in younger M dwarfs, but is seen
to decrease with age. While the precise ages of large M dwarf populations are
difficult to determine directly, the position of the stars along the galactic plane can
be used to infer age (Bensby et al., 2003; Fuhrmann, 1998). The ‘thin’ disc extends
to scale heights of around 120 pc, and from ongoing star formation and element
abundances is determined to be young, whereas the ‘thick’ disc extends to 300 pc,
and determined to be older from its composition and the lack of dust and gas (Kilic
et al., 2017; Girard and Soubiran, 2006). Surveys ofM dwarfs show a stark decrease
in magnetic activity with increasing vertical distance along the galactic plane (West
et al., 2006), indicating that the more active M dwarfs reside in the young, thin
disc, while the older M dwarfs reside in the older, thick disc. Other signatures of
magnetic activity in M dwarfs are seen to decrease at ages of around 5-7 Gyr; Hα
and sometimes corresponding X-ray emission are observed in younger M dwarfs
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(Newton et al., 2017; Stelzer et al., 2013; Reid et al., 1995), as well as higher starspot
coverage (O’Neal et al., 2004). Heightened levels of magnetic activity are common
for younger stars, but M dwarfs have prolonged lifetimes leading to extended levels
of high activity and a steep decrease in magnetic activity at the transition from
younger to older phases, which is not observed in other spectral types.

WhenMdwarfs do eventually age off and leave themain sequence, the behaviour
of low-mass M dwarfs is expected to diverge from that of Sun-like stars. Early
to mid-M dwarfs are expected to follow the familiar evolution into a red giant.
Increases in temperature are small due to high opacity, therefore the increases in
luminosity lead to increases in radii following L=4πR2σT4. Curiously, simulations
suggest that thiswill not occur forMdwarfswithmasses less than 0.25 M�. Instead,
these very low-mass M dwarfs will have roughly constant radius but increase in
temperature (Adams et al., 2005). The star then becomes a hypothetical “blue
dwarf”, having the same size as a red dwarf, but higher temperatures. Blue dwarfs
remain hypothetical objects because themain sequence lifetimes ofMdwarfs exceed
one Hubble time, or roughly the age of the universe.

Between their extensive lifetimes and their ubiquity, M dwarfs are frequent hosts
of terrestrial planets. Dressing and Charbonneau (2015) estimate from the Kepler
sample that M dwarfs have a higher frequency of planets orbiting in the habitable
zone where an Earth-like planet could support liquid water, after correcting for
observational biases. They estimate an average of about 0.43 potentially habitable
planets per star for orbital periods shorter than 50 days; or as high as one planet
per star if desert worlds, or hot close-orbiting terrestrial planets with low water
content, are considered (Zsom et al., 2013). In general, M dwarfs host significantly
more terrestrial planets and fewer giant planets than Sun-like stars, likely resulting
from a difference in the planet formation process associated with lower-mass stars
(Alibert and Benz, 2017;Miguel et al., 2020). Not only are close-orbiting terrestrial
planets more readily formed around M dwarfs, they are also easier to characterise
using the transit method. The low luminosities of M dwarfs mean that Earth-sized
planets make deeper transits as they cross the stellar disc, and the proximity to
their host star means short orbital periods, which are additionally easier to confirm
in transit surveys. The ubiquity of such planets around M dwarfs puts the stars
themselves into the centre of the habitability discussion. However, one of the
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important consequences of M dwarf magnetic activity is the potentially damaging
effects it might have on surrounding planets.

The habitable zones of cool stars are located at smaller stellocentric distances
compared to the Earth-Sun separation (discussed in detail in Chapter 5). Their
proximity to the host star makes such planets particularly vulnerable to stellar
magnetic activity. Unfortunately,Mdwarfs showhigh levels ofmagnetic variability,
including flares that are a thousand times stronger than the strongest Solar event and
starspots that can cover half of the stellar surface (Loyd et al., 2018; Jackson and
Jeffries, 2013). Close-orbiting planets are often assumed to be tidally locked, having
orbits synchronous with their rotation (Heller et al., 2011; Barnes, 2017; Yang
et al., 2013; Kasting et al., 1993), potentially complicating the process of planetary
magnetic field generation given magnetic dynamo scaling laws. Grießmeier et al.
(2004a,b) find this to be the case for hot Jupiters, with the expectation that this will
also affect terrestrial planets in the habitable zone of low-mass stars (Khodachenko
et al., 2009), possibly leaving the planets with little defence against stellar magnetic
activity. However, it is the subject of ongoing researchwhether synchronous rotation
is indeed prohibitive of magnetic field generation in planets (Driscoll and Barnes,
2015), or whether close-orbiting planets must be tidally locked at all (Leconte et al.,
2015; Delisle et al., 2017). Mercury and the Moon are strong counter-examples
to the notion that tidal locking prohibits magnetic field generation, with Mercury
hosting a global magnetic field of 0.07 Gauss equatorial strength and the Moon
having likely previously hosted a magnetic field of up to 1 Gauss (Connerney and
Ness, 1988; Green et al., 2020).

1.2 Brown Dwarfs
Brown dwarfs are a sub-stellar class of objects occupying the mass range between
planets and stars. The precise definition of a brown dwarf is still the subject of de-
bate, but can be defined in twoways: either by their formationmechanism or by their
mass (Basri, 2000). The formation definition states that brown dwarfs are objects
that form via core-collapse like stars but have masses below the hydrogen-burning
mass limit, and are leftwith a protoplanetary disc of their own (Chabrier et al., 2000).
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Table 1.1: Properties of M dwarfs by spectral sub-class.

Class Teff (K) Mass (M�) Radius (R�)
M0 3800 0.60 0.62
M1 3600 0.49 0.49
M2 3400 0.44 0.44
M3 3250 0.36 0.39
M4 3100 0.20 0.26
M5 2800 0.14 0.20
M6 2600 0.10 0.15
M7 2500 0.09 0.12
M8 2400 0.08 0.11
M9 2300 0.075 0.08

Themass definition states that brown dwarfs are defined by their mass only; a brown
dwarf is an object massive enough to ignite deuterium burning (M>13 MJupiter), but
not massive enough to fuse hydrogen into helium (M<80 MJupiter). It is interesting
to note that in the formation definition brown dwarfs do not need to have sufficient
mass to ignite deuterium burning, so in principle they could be planetary mass but
differ only by their formationmechanism. Such objects are sometimes referred to as
sub-brown dwarfs or planetary mass brown dwarfs. For the purposes of this thesis
I use the mass definition, as my work is concerned with the emission processes and
not the formation mechanism.

Brown dwarfs were initially theorized in 1963 by Shiv Kumar, who used the
term “black dwarf” to describe stars of mass < 0.05 M� (Kumar, 1962). Kumar
numerically determined that there was a limiting mass, below which contracting
stars would not be able to reach sufficient core temperatures and pressures to
ignite hydrogen fusion, and would instead contract until they were fully supported
by electron degeneracy pressure. The terminology was subsequently changed to
“brown dwarf” by Jill Tarter because black dwarf was already in usage for white
dwarf remnants and brown was expected to be their approximate visible colour,
which we now know to be closer to purple by human eye standards (Tarter, 2014).
Despite these initial advances in brown dwarf theory, the first brown dwarf was
not observed until over 30 years later, when Teide 1 was discovered in the Pleiades
cluster (Rebolo et al., 1995).
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Table 1.2: Properties of brown dwarfs by spectral type.

Class Teff (K) Mass (MJupiter)
L 1500 - 3000 50 - 79
T 500 - 1500 20 - 50
Y 250 - 500 5 - 30

Keck spectoscropic observations showed that Teide 1 still had the abundance
of lithium consistent with its initial values, confirming that Teide 1 was unable to
deplete lithium during thermonuclear fusion (Rebolo et al., 1996). This “lithium
test” is one of the few ways that high-mass brown dwarfs can be distinguished
from low-mass stars. Low-mass stars burn through their initial lithium supply
within ∼100 Myr, but brown dwarfs do not reach temperatures sufficient to deplete
their lithium (Basri, 1998). It is possible for larger stars like the Sun to retain
a significant portion of lithium in their convective layers which do not reach the
conditions needed for lithium fusion, but these stars can be easily distinguished by
their mass and luminosity.

Despite their mass range, brown dwarfs are all roughly the same radius as
Jupiter. Brown dwarfs are compact because, like white dwarfs, they are primarily
being supported by electron degeneracy pressure, where brown dwarf radius R is
inversely proportional to the cube root of the mass. However, the small contribution
of internal thermal pressure to fully balance the object’s self-gravity makes the
highestmass brown dwarfs slightly ‘bloated’ relative to the case of a fully degenerate
object, something that does not occur for the lowest mass brown dwarfs. Because
of this, all brown dwarfs are roughly the same radius (Chabrier et al., 2009).

Some brown dwarfs are technically classified as spectral type M, despite not
having sufficient temperature to ignite hydrogen fusion. Lower mass (cooler)
brown dwarfs are subdivided into L, T, and Y dwarfs. The properties of brown
dwarf spectral types are shown below in Table 1.2.
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1.3 Magnetic Dynamos
The twentieth century saw large advances in stellar cataloguing, with surveys such
asHipparcos (HIP) and SmithsonianAstrophysical Observatory Star Catalog (SAO)
recording the position and proper motion of hundreds of thousands of stars (Perry-
man et al., 1997;Whipple, 1966). Despite the high number of targets, many surveys
were not sensitive to late-type M dwarfs, leaving a gap in our knowledge about stel-
lar populations at the bottom of the main sequence. Early efforts to take census of
the lowest-mass M dwarfs were not able to distinguish them from high-mass brown
dwarfs, leading to the umbrella term “ultracool dwarf” that encompasses both ob-
jects (Kirkpatrick et al., 1997). This turned out to be a helpful categorisation, as
the internal structure and behaviour of both low-mass stars and brown dwarfs are
very similar, and both depart significantly from that of Solar-type stars.

1.3.1 The αΩ Dynamo

The Solar interior is divided into three regions - a core extending out to 0.25 Solar
radii, an inner radiative zone surrounding the core out to 0.7 Solar radii, and an
outer convective zone. Energy released during fusion in the core is carried outward
through electromagnetic radiation and particle collisions. In the convective zone,
however, plasma current cells carry heat out from the radiative zone. The dividing
region between the inner radiative and outer convective zone is called the tachocline,
and is thought to play a fundamental role in magnetic field generation for Solar-like
stars.

Whether a region is radiative or convective is dependent on the local value of
the opacity, which is related to the temperature and density by Kramer’s Law,

κ ∝ ρT−3.5, (1.1)

where κ is the opacity, ρ is the stellar density, and T is the stellar temperature.
Part of the star becomes unstable to convection when the opacity is high. A large
value of κ increases the magnitude of the temperature gradient

��dT/dr
�� such that

the temperature of an adiabatically displaced parcel of gas does not drop as much as
the ambient medium, thus becoming buoyant. Convection in turn transports heat,
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Figure 1.2: Diagram of the internal structure of the Sun (left) and of a fully
convective UCD (right). The tachocline, or dividing region between the
Solar radiative and convective zones is thought to play a critical role in
the production of the Solar magnetic field through the αΩ dynamo.

and rearranges the structure of the interior. The precise conditions necessary for
convection are given by the Schwarzschild criterion for instability,����dT

dr

���� > ����dT
dr

����
ad
, (1.2)

where
��dT/dr

�� is the temperature gradient in the stellar interior and
��dT/dr

��
ad is

the adiabatic gradient. High opacity regions in stars satisfy this criterion, leading
to convection. In the Sun, the radiative region is stable against convection, but as
the temperature decreases further from the core, the opacity becomes high and the
Schwarzschild criterion for instability is met. In more massive and hotter stars,
the radiative zones extend further outward and convective zones are thinner. Low-
mass stars have deep convective shells and smaller radiative zones. At sufficiently
low masses, the temperature is never high enough and opacity never low enough
to ensure convective stability, and the stars lack a radiative zone (Limber, 1953).

10



Stellar evolution models show that the onset of a fully convective envelope, where
the convective region extends down to the core, is at around 0.3 M�, or spectral
type of M3.5 (Chabrier et al., 2000).

The lack of a radiative zone in low-mass stars and brown dwarfs has important
consequences for magnetic field generation. In the Sun, the radiative and convective
zones are separated by the aforementioned tachocline, a thin (0.04 Solar radii)
transition region. The tachocline is the site of the strongest shearing due to the
interface between the rigidly rotating radiative layer and convective zone (Spiegel
and Zahn, 1992). In Sun-like stars, magnetic field generation through a dynamo is
thought to depend critically on the tachocline. When the star is fully convective,
however, the tachocline vanishes and the same dynamo models no longer apply. If
fully convective stars and brown dwarfs do generate and sustain strong magnetic
fields, they must do so by a different dynamo mechanism altogether (e.g., Gilman,
2005; Kao, 2017; Chabrier and Küker, 2006), discussed in detail in the following
section.

The large-scale Solar magnetic field is most likely produced by a hydrodynamic
dynamo, wherein conductive fluid or plasma moving through a magnetic field
induces a current, which produces stronger magnetic field lines. The dynamo action
is successful if more magnetic energy is amplified than is drained through magnetic
diffusion. The Solar dynamo is thought to be sustained by the complementary
actions of poloidal and toroidal components of the magnetic field resulting from the
differential rotation in the Solar interior both latitudinally and radially. Differential
velocities of conducting plasma regions can stretch a poloidal field, which in turn
produces a toroidal field in a process called the Ω effect. The poloidal field is
then amplified through a complex process called the α effect, where the three-
dimensional fluid motions within the convective region twist toroidal magnetic
field lines, converting them into small-scale poloidal fields. The combined effect
of these small-scale poloidal fields produces a large-scale global poloidal field,
completing the αΩ dynamo effect (Figure 1.3).

While the α effect requires stratified rotation of plasma in the convection zone,
the Ω effect relies on the differential rotation about the tachocline in order to
sufficiently amplify the magnetic field. The convection zone is turbulent and
buoyantly unstable, making it difficult for magnetic flux to reach the observed
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Figure 1.3: Demonstration of the αΩ effect. The Ω effect operates through
differential rotation to convert poloidal magnetic field lines into toroidal
magnetic field lines. The α effect then forms magnetic loops around
the turbulent toroidal field lines, which in turn converts them into new
poloidal field lines. Figure recreated from the Solar and STellar Activity
Research Team at the Konkoly Observatory.

strengths before being expelled. The tachocline, however, is able to store magnetic
flux long enough to develop into strong magnetic fields. In this interface dynamo
model, seed magnetic fields are transported to the tachocline, where the strong
shear causes poloidal field lines to stretch and twist, forming a toroidal field. This
brings toroidal structures back up into the convection zone, where the turbulent
magnetic fields enable the α effect to amplify the poloidal field (Parker, 1993). The
combined action of these two effects is enough to sustain a strong magnetic field in
stars with a tachocline (Miesch et al., 2009).
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1.3.2 Mean-Field Magnetohydrodynamics

The complicated three-dimensional dynamo processes can be conveniently simpli-
fied with the use of mean-field magnetohydrodynamics, a mathematical formalism
designed to show the effect of small-scale processes in generating global stellarmag-
netic fields (Steenbeck and Krause, 1969). In mean-field magnetohydrodynamics
(MFM), the magnetic and velocity field are separated into mean components ®B0

and ®v0 that vary over a length scale L, and fluctuating components ®b and ®v that vary
over a smaller length-scale l, where l << L. The magnetic and velocity fields can
be expressed as the total of these components,

®B = ®B0 + ®b

®V = ®v0 + ®v,
(1.3)

where the averages taken over an intermediate length scale between l and L are
<®b> = <®v> = 0, < ®B> = ®B0, and < ®V> = ®v0. The starting point for MFM is
the equation of magnetic inductance, which is derived from Ohm’s law for moving
conductors in a stationary magnetic field,

®J = σ( ®E + ®V × ®B), (1.4)

where ®J is the electric current, ®E is the electric field, ®V is the velocity field, ®B is the
magnetic field, and σ is the electrical conductivity of the material. The resulting
equation of magnetic inductance thus has the form,

∂ ®B
∂t
= η 52 ®B + 5 × ( ®V × ®B), (1.5)

where η = 1
µσ is the magnetic diffusivity, and µ is the permeability of free space.

The induction equation for an averaged magnetic field < ®B> is,

∂ ®B0
∂t
= η 52 ®B0 + 5 × ®ε + 5 × (®v0 × ®B0), (1.6)

where ®ε = <®v × ®b> is the mean turbulent electromotive force (EMF) caused by
interactions between the small-scale velocity and magnetic fields. The EMF ®ε can
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be rewritten in terms of the mean field and its derivatives in order to obtain a final
expression. Subtracting Equation 1.6 from the inductance Equation 1.5 gives,

∂®b
∂t
= 5 × ( ®v0 × ®b) + 5 × (®v × ®B0) + 5 × (®v × ®b − ε) + η 52 ®b. (1.7)

In Equation 1.7, ®b is driven by the term 5 × (®v × ®B0), where the small-scale
turbulent motion of ®v acts on the mean field ®B0. Thus, the EMF will be related
to the mean magnetic field, and can then be expanded in a Taylor series, ®εi =
αi j ®B0 j + βi jk∂ ®B0 j/∂xk + ..., where αi j and βi jk are tensors dependent on ®v0 and
®v. In the approximation of isotropic turbulence, they can be rewritten as αi j = αδi j
and βi jk = βεi jk . Plugging this new expression for the EMF into Equation 1.6, to
leading order,

∂ ®B0
∂t
= (η + β) 52 ®B0 + 5 × (α ®B0) + 5 × (®v0 × ®B0). (1.8)

The new terms α and β are now scalars. The α effect, given by the 5 × α ®B0

term in Equation 1.8, shows the amplification of the magnetic field due to helical
turbulence. The Ω effect arises from the 5 × ( ®v0 × ®B0) term in Equation 1.8, where
differential rotation can lead to the generation of a toroidal magnetic field from a
seed poloidal field. Magnetic diffusivity is accounted for by the remaining term in
Equation 1.8 given by (η + β) 52 ®B0. While the Ω effect accounts for the curl of
the vector perpendicular to the magnetic field, the α effect is due to the curl of the
vector acting parallel to the mean magnetic field.

1.3.3 The α2 Dynamo

The α effect is of critical importance in both the αΩ and the α2 dynamo model,
discussed below. It was originally described by Parker (1955) as the sum of
“cyclonic events” in a stellar interior. A single cyclonic event involves twisting of
magnetic field lines as fluid rises in the convective region of stars. These short-
lived events generate a component parallel or antiparallel to the seed magnetic field
depending on the angle of rotation. The sum of all events is a twisting of toroidal
lines into additional poloidal field lines as long as there is an asymmetry in the
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Figure 1.4: Schematic of the α2 magnetic dynamo. Image (a) shows an initial
toroidal magnetic field line. Image (b) shows small helical turbulence
that generates poloidal eddies, which in turn generate poloidal electro-
motive forces in large-scale poloidal magnetic field loops seen in image
(c). Image recreated from Blackman and Hubbard (2014).

velocity field and the positive and negative contributions to the α effect do not sum
to zero. In the αΩ dynamo it is the combined result of the α and Ω effects that
generates a large-scale magnetic field.

In the absence of a shear caused by differential rotation about a tachocline, UCDs
are not expected to generate magnetic fields via the αΩ mechanism. Magnetic dy-
namomodels forUCDs instead rely onCoriolis forces acting on three-dimensionally
turbulent and stratified plasma. In this model, initial toroidal magnetic field lines
are twisted through small helical eddies that create poloidal field loops. These
loops generate a poloidal electromotive force in the same direction, resulting in
large-scale poloidal magnetic field loops. In this Solar αΩ dynamo model, the Ω
shear is more effective in amplifying the magnetic field than the α effect, but this
need not be the case for alternative dynamo models. In a fully convective dynamo,
stratification and rotation in the magnetic field are crucial to amplify the magnetic
field via the α effect alone, leading to the so-called α2 dynamo (see Figure 1.4).
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In the case of non-isotropic turbulence, expected in the convective zones of
rapidly rotating UCDs, αi j can be re-expressed as a tensor. Following Küker and
Rüdiger (1999), the α effect due to density (ρ) stratification is given by,

α
ρ
i j = −δi j(

®Ω ®G)αρ1 −(ΩjGi +ΩiG j)α
ρ
2 −(ΩjGi −ΩiG j)α

ρ
3 −
ΩiΩj

Ω2 (
®ΩG)αρ4 , (1.9)

where Ω is the angular velocity of the star and the vector ®G = 5 log ρ = Gr̂ , α1,
α2, α3, and α4 are the mean-field coefficients that depend on the global rotation
(Ruediger, 1978), and r̂ points in the radial direction. In polar coordinates, the α
tensor can be written,

αρ = cαΩ∗Gτcorrv2
t

©«
A1 cos θ 0 A2 cos θ

0 A1 cos θ 0
A2 cos θ 0 A3 cos θ

ª®®¬ , (1.10)

where cα is a dimensionless parameter ranging between 0 and 1, θ is the colatitude,
Ω∗ = 2τcorrΩ is the Coriolis number, τcorr is the turnover time for stellar convection,
Ω is the angular frequency of rotation, and vt is the intensity of the fluctuating
velocity, vt =

√
〈®v〉2. The prefactors A1, A2, and A3 are given by,

A1 =
1
Ω∗4

[
6 +Ω∗2 −

6 + 3Ω∗2 −Ω∗4

Ω∗
arctanΩ∗

]
(1.11)

A2 =
6
Ω∗4

[
3 −

3 +Ω∗2

Ω∗
arctanΩ∗

]
(1.12)

A3 =
2
Ω∗4

[
6 + 7Ω∗

1 +Ω∗2
− 3
Ω∗

2 + 2
Ω∗

arctanΩ∗
]
. (1.13)

Note that A3 approaches negative infinity as the Coriolis number Ω∗ approaches
0, limiting the validity of this approach to situations where the object has nonzero
rotation and convective turnover. In the case of rapid rotation where Ω∗ >> 1, the
Coriolis number in the prefactor is cancelled by the Ω∗ dependence in Equations
1.11 through 1.13, and the strength of the α effect is no longer dependent on rotation.
Thus in the α2 dynamo the efficacy of the α effect is directly related to the value
of Ω∗ up to a saturation point, after which it becomes independent of rotation.
Diffusion in the α2 dynamo is due to turbulence, and decreases with increasing Ω∗.
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This leads to the overall outcome that the α2 dynamo generates magnetic fields with
strength dependent on the rotation rate.

Like the αΩ dynamo, this α2 dynamo is related to the stellar rotation, but unlike
the αΩ dynamo, there is no dependence on differential rotation. Rotation in the α2

dynamo is important for generating turbulence and kinetic energy to createmagnetic
helicity. Using the above equations, simulations of the α2 dynamo show that for
fully convective stars and brown dwarfs, it can generate magnetic fields of up to
kiloGauss strength, and that rapid rotation can generate even stronger fields due to
decreased diffusion (Chabrier and Küker, 2006). If ultracool dwarfs do generate
magnetic fields via the α2 dynamo, one might expect a correlation between rotation
rate and magnetic field strength.

1.4 Radio Observations of UCDs
The need for a fully convective magnetic dynamo in stars is relatively recent.
It was long assumed that without differential rotation about a tachocline, UCDs
would be not be able to generate significant magnetic fields or magnetic activity at
all, although planetary-mass objects hint that this assumption may not be correct.
Nevertheless, taking this view, since magnetic activity can be traced by emission at
radio frequencies, it was likewise assumed that UCDs would be radio quiet. This
assumption that UCDs would be radio quiet is strongly bolstered by observations
of other magnetically active stars.

The X-ray and radio luminosities of most magnetically active F through mid-M
stars are tightly correlated in what is known as the Güdel-Benz relation (Güdel and
Benz, 1993). The Güdel-Benz relation (GBR) is well described by a single power
law that extends through 10 orders of magnitude (Fig. 1.5), suggesting a common
emission mechanism. The prevailing model is that radio-emitting nonthermal
electrons are accelerated in magnetic events, which then heat the coronal plasma,
prompting the release of soft X-rays. Extrapolating from the GBR, the expected
radio emission of UCDs would be less than 0.1 µJy, undetectable by any existing
radio telescope.

Initial indications that UCDs may actually be magnetically active came in the
form of flares seen in very low-massMdwarfs at optical, UV, andX-raywavelengths
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Figure 1.5: The Güdel-Benz relation shows a tight correlation between the
X-ray and radio luminosity of magnetically active stars, but is strongly
violated by a population of UCDs (e.g. Williams et al., 2014). The plot
above shows the Güdel-Benz relation of magnetically active F-through-
M stars (Güdel, 1992; Güdel and Benz, 1993; Drake et al., 1992) and
Solar flares (Benz and Güdel, 1994) on a logarithmic scale, where the
uncertainties are of order 10% the measured luminosity.

(Herbig, 1956; Linsky et al., 1995; Reid et al., 1999; Fleming et al., 2000). These
observed flares showed that UCDs were capable of generating at least transient
magnetic fields. At the time the α2 dynamo had not been suggested for fully
convective stars, leaving little explanation for the observed activity. There was
speculation that temporally heated corona could be responsible for at least the X-
ray flares (Reid et al., 1999), but no model was proposed to explain the magnetic
activity.

The first detection of both flaring and quiescent radio emission from a brown
dwarf quelled any doubt that UCDs are capable of generating and sustaining mag-
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netic fields. In December of 1999, an X-ray flare was detected from the M9 brown
dwarf LP 944-20 (Rutledge et al., 2000). This was followed by a July 2000 VLA
detection of radio emission that exceeded the GBR by four orders of magnitude
(Berger et al., 2001). The presence of both a quiescent and a flaring component
showed that UCDs are capable of producing brief magnetic outbursts as well as
sustaining strong magnetic fields. This groundbreaking discovery made by a team
of summer students ignited a larger investigation into the radio activity of UCDs.

Subsequent radio surveys of UCDs were conducted in the 1−10 GHz frequency
range, where emission is expected to peak for the inferred magnetic field strengths
of UCDs (see section 1.5.6 for discussion). Between VLA and ATCA observations
of hundreds of these objects conducted in the years since the initial detection of LP
944-20, roughly 10% of them have been detected with bright radio emission, while
the non-detections have been given upper flux limits (Antonova et al., 2013; Route
and Wolszczan, 2016; Lynch et al., 2016; Berger, 2006). This low, but non-zero,
detection rate turned the paradigm of UCDs on its head; while these mysterious
objects are capable of producing sustained magnetic activity, such activity (or at
least the detection of it) is relatively rare. When the detected UCDs are plotted
along the GBR, they form a separate branch, showing a departure from the relation
that holds well for other stars and suggesting different magnetic behaviour at the
bottom of the main sequence.

Despite the low numbers of radio-detected UCDs (fewer than forty to date), a
few key trends in radio emission have emerged. The overall radio detection rate of
10% increases to nearly 50% for objects with v sin i > 20 km s−1 (McLean et al.,
2012), where v is the intrinsic stellar rotation speed and i is the inclination. This
might suggest a correlation between the rotation period and likelihood of radio
brightness, where the more rapid rotators are more likely to be radio emitting,
especially because rapid rotators can have low v sin i but slow rotators cannot have
high v sin i. Photometry can give a precise measure of the rotation rate, but in
the absence of such measurements v sin i can be determined spectroscopically,
although there is a dependence on inclination i (Shajn and Struve, 1929), shown in
Figure 1.6. This could indicate that the stellar inclination, rather than the rotation
rate, is the relevant parameter. Whether the rotation rate or inclination plays a more
pivotal role in the likelihood of UCD radio emission is an open question, and an
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Figure 1.6: The role of inclination i in spectroscopic measurements, which
measure the projected v sin i rather than the true equatorial rotation rate,
v.

important part of building magnetic models of UCDs.
Another trend in the radio emission of UCDs is an anti-correlation between

the X-ray luminosity normalised to the bolometric luminosity and the likelihood of
radio brightness. UCDs with bright X-ray emission relative to their total luminosity
across the electromagnetic spectrum tend to be radio quiet, while UCDs with dim
X-ray emission tend to be radio bright (Williams et al., 2014; Cook et al., 2014).
This reversal from the GBR could be due to coronal stripping from centrifugal
forces (Jardine and Unruh, 1999), or it could be a product of UCD magnetic fields
that are fundamentally different from the Sun’s magnetic field.

Emission at low radio frequencies (1 − 10GHz) is generally attributed to the
electron cyclotron maser instability, although gyrosynchrotron radiation was also
raised as an explanation for quiescent radio emission (see section 1.5.6). Although
there are a few ways to disentangle emission due to these two mechanisms from low
radio frequency observations alone, observations at high radio frequencies at which
emission due to the electron cyclotron maser instability becomes unphysical can
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discriminate between the two mechanisms. In the ∼ 50− 100 GHz range, optically
thin gyrosynchrotron radiation is expected to dominate for typical UCD magnetic
field strengths.

Prior to this work, only one UCD had been detected within that frequency
range. The M9.5 star TVLM 513-46546 was found with emission throughout
the 1−100GHz range, and a spectral index consistent with optically thin gyrosyn-
chrotron radiation (Williams et al., 2015). The detection of this star at such high
frequencies confirmed the presence of gyrosynchrotron radiation from UCDs, and
challenged existing magnetic models of UCDs developed to account for the electron
cyclotron maser instability.

1.5 Radio Emission from Stars
Attempts to measure the radio emission of astronomical objects began in the late
1800s with observations of the Sun (Haddock, 1984). Physicist Oliver Lodge
hypothesised that the Sun must be active at radio frequencies, but due to the
technological limitations of the instruments available to him at the time, was unable
to make a detection. Lodge’s attempted Solar radio observations are described in
Débarbat et al. (2007),

I [hoped] to try for long-wave radiation from the Sun, filtering out
the ordinary well-known waves by a blackboard or other sufficiently
opaque substance. I did not succeed in this, for a sensitive coherer
in an outside shed unprotected by the thick walls of a substantial
building cannot be kept quiet for long. I found its spot of light liable
to frequent weak and occasionally violent excursions, and I could not
trace any of these to the influence of the Sun. There were evidently too
many terrestrial sources of disturbance in a city like Liverpool to make
the experiment feasible. I don’t know that it might not possibly be
successful in some isolated country place; but clearly the arrangement
must be highly sensitive in order to succeed.

The first detection of radio emission from space was made nearly 40 years
later by Karl G. Jansky at Bell Laboratories. While working on transatlantic voice
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transmissions with a movable antenna, Jansky found that the antenna consistently
picked up a directional signal that repeated on roughly 24-hour intervals. This
initially made Jansky think the emission was coming from the Sun, but subsequent
observations determined that its period was actually 23 hours and 56 minutes - the
length of a sidereal day. Jansky determined the radio emission instead came from
the Sagittarius constellation. He attributed the signal to interstellar gas and dust,
and erroneously concluded that the Sun and stars could not produce significant radio
emission. In subsequent years, Sagittarius A, one of the brightest radio sources in
the sky, has been determined to be a supermassive black hole by 2020 Nobel Prize
winners Reinhard Genzel and Andrea Ghez. Karl Jansky’s legacy as the father of
radio astronomy lives on in the naming of the Karl G. Jansky Very Large Array and
the Jansky unit of radio flux density (10−26 Wm−2 Hz−1).

Radio emission from stars was not discovered until the following decade by
physicist John Hey and engineer George Southworth. Hey determined that radar
interference was coming from the Sun, and the presence of many sunspots on its
surface indicated that the interference was associated with Solar activity. South-
worth subsequentlymeasured the centimetre wavelength emission of the Sun, which
was published at the end of World War II (Southworth, 1982; Hey, 1946). These
early discoveries showed that radio emission could come from both strong galactic
sources as well as from the Sun and stars, launching the field of radio astronomy.

1.5.1 Definitions, Units, and Radiative Transfer

Before providing an overview of the relevant emission mechanisms for UCDs, it
is helpful to briefly define common terms used in radio astronomy and summarize
relevant areas of radiative transfer. The below description follows Chapter 2 of
Condon and Ransom (2016) and the introduction provided in Dulk (1985).

Light traveling from distant sources to observatories on Earth is subject to
various absorption, emission, and scattering processes. Additionally, the distance
and observing angle impact the amount of emitted radiation actually arriving at the
observer.

The intrinsic brightness, or intensity, is defined as the outgoing radiation from
the source itself, independent of observation. In radio astronomy it is common
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Figure 1.7: An emitting source oriented at angle θ relative to a detector, where
the incoming flux at frequency ν is measured.

to use the specific intensity Iν, or intensity per unit frequency to measure the
brightness. The specific intensity reveals how bright a source is at the frequency of
observation in the range ν to ν + dν.

An amount of outgoing energy dE between frequencies ν and ν + dν arriving
in time interval dt is given by the specific intensity Iν of a source of solid angle dΩ

and projected area cos θ dσ (Figure 1.7), where σ is the area of the source, is,

dE = Iν cos θ dσ dΩ dt dν. (1.14)

The power emitted between frequencies ν and ν+ dν, dP = dE/dt can then be used
with Equation 1.14 to define the specific intensity,

Iν ≡
dP

(cos θ dσ)dνdΩ
, (1.15)

which has MKS units of W m−2 Hz−1 sr−1 and CGS units of erg cm−2 s−1 Hz−1

sr−1. The total intensity I can be found by integrating over all frequencies and is
defined as I ≡

∫ ∞
0 Iν(ν)dν.

The amount of outgoing radiation from the source arriving at the detector at
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observing frequency ν is defined as the flux density Sν. Flux density can be found
by integrating the specific intensity over the solid angle Ω subtended by the source,

Sν ≡
∫

Iν(θ, φ) cos θ dΩ. (1.16)

In this work, all observed targets are “point sources”, meaning that their physical
extent is negligible compared to the telescope resolution, and thus can be treated as
if they are emitting from a single localised point. In this case, cos θ ≈ 1, and the
flux density is reduced to Sν ≈

∫
Iν(θ, φ)dΩ.

Flux density is usually expressed in units of Janskies (abbreviated Jy), as MKS
and CGS units are both too large for typical flux density values. The conversion of
Janskies to other units is 1 Jy = 10−23 erg s−1 cm−2 Hz−1 = 10−26 Wm−2 Hz−1.

Radiation is subject to both absorption and emission effects as it travels from a
source to the detector where it is measured as a flux value. Some photons will be
absorbed in the interstellar medium (ISM), while additional photons emitted by the
ISM will join the incoming radiation. These effects are expressed in terms of the
absorption and emission coefficients, κa and jν, respectively. A fraction dIν of the
total specific intensity Iν will be absorbed over a small length ds,

dIν
Iν
= −κads, (1.17)

while the amount of radiation emitted at frequency ν along distance ds is,

jν ≡
dIν
ds

. (1.18)

An equation of radiative transfer can now be expressed by combining the effects of
both the absorption and emission along the line of sight,

dIν
ds
= −κa Iν + jν . (1.19)

In the case of blackbody radiation Bν(T) for a perfect absorber in local thermal
equilibrium, Iν = Bν(T), and jν/κa = Bν(T) - an expression known as Kirchhoff’s
Law.

Following the Rayleigh-Jeans Law, applicable at low frequencies determined
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by hν � kB T where kB is the Boltzmann constant,

Bν(T) ≈
2ν2kBT

c2 . (1.20)

This relation enables astronomers to define the brightness temperature, Tb. This
is the temperature a source with specific intensity Iν would have if it emitted
as a blackbody. Re-arranging Equation 1.20, the brightness temperature can be
expressed,

Tb ≡
Iνc2

2kBν2 . (1.21)

It is important to note that the brightness temperature is often different from the
effective temperature. This temperature, Teff, is representative of the kinetic tem-
perature of the emitting electrons. The two are equivalent in the case of perfect
thermal emission only or in the case of an optically thick source (optical thickness
discussed in Section 1.5.5). The brightness temperature is therefore very useful
in radio astronomy for distinguishing between the kind of emission mechanism
involved.

Radio emission has now been detected from stars of all spectral types, including
ultracool dwarfs, and can be broadly categorized as thermal or nonthermal. A star’s
thermal emission is directly related to the temperature of the emitting region. Stars
that emit thermal radio emission are radio bright, but have comparatively low total
energy emitted in radio. Large emitting regions are required to produce detectable
radio thermal emission. Thermal emission follows Planck’s Law and produces a
blackbody spectrum when optically thick.

Conversely, nonthermal emission mechanisms such as most synchrotron and
gyrosynchrotron radiation do not necessarily depend on the local temperature,
and nonthermal sources can have brightness temperatures in excess of 1012 K.
Nonthermal processes involve highly energetic particles, and do not require the same
large emitting region as thermal processes. Thus, high brightness temperatures can
be used as a diagnostic for whether the underlying emission process is thermal or
nonthermal.

Both thermal and nonthermal mechanisms can produce stellar radio emission,
including bremsstrahlung (free-free emission), plasma emission, the electron cy-
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clotron maser, gyrosynchrotron, and synchrotron radiation. In this section I provide
an overviewof each of thesemechanisms, and a description of the expected radiation
from each one.

1.5.2 Bremsstrahlung Emission

The term “bremsstrahlung” derives from the German word for “braking radiation”,
developed to describe the phenomenon of electrons “braking” when incident on
a metal target. The phenomenon itself occurs when a free electron’s trajectory is
curved by the electric field as it passes by a charged particle, losing part or all of its
kinetic energy in the form of a photon in the process. The most common incidence
of bremsstrahlung radiation in astrophysical contexts is emission from compact
regions with large quantities of ionised hydrogen, but bremsstrahlung radiation is
also produced in stellar atmospheres (Culhane, 1969). Because bremsstrahlung
radiation is produced by free electrons with a range of starting energies, it emits
continuously across the electromagnetic spectrum, at frequencies determined by
the amount of kinetic energy lost during the interaction between the electron and
the ion.

Following Condon and Ransom (2016), the power emitted by an electron of
charge q and acceleration Ûv is given by the non-relativistic Larmor formula for the
instantaneous power of an accelerated charge,

P =
2q2 Ûv2

3c3 (cgs units). (1.22)

The relativistic Larmor formula includes an additional factor, relevant for relativis-
tically moving electrons, but not used here. The total energy emitted by a single
electron during this interaction is,

Ptot =
πZ2e6

4c3m2
e

1
b3ν

, (1.23)

where Z is the atomic number, e is the elementary charge, and b is the impact
parameter.

Most astronomical sources of bremsstrahlung radiation are thermal, and thus
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the radiating electrons follow a Maxwellian velocity distribution,

f (v) = 4πv2
(

m
2kT

)3/2
e−

1
2mev

2/kT , (1.24)

where particles have velocity v � c, me is the electron mass, k is the Boltzmann
constant, and T is the temperature. For a distribution of electrons passing by
charged particles, the impact parameter b can range between bmin and bmax, the
total frequency-dependent emissivity, or energy per unit volume at frequency ν, is,

jν =
π2Z2e6NeNi

4c3m3
e

√
2me

πkT
ln

( bmax
bmin

)
, (1.25)

where Ne and Ni are the number densities of electrons and ions, respectively.
The total emissivity is this value integrated over the electron velocities. Since

bmin and bmax are only included in a logarithm, they can be estimated approximately
by considering momentum transfer and electromagnetic effects. The value of
ln(bmax/bmin) works out to approximately 10. The total emissivity is then,

j(ν,T) =
25πe6

3mec3

√
2π

3kme
T−1/2e−hν/kT NeNiZ2gf f (ν,T) (1.26)

in units of erg s−1 cm−3 Hz−1, where gf f is the gaunt factor,
√

3
π ln(bmax/bmin).

Thermal bremsstrahlung accounts for much of the radio emission from as-
trophysical objects including star-forming HII regions and galaxies (Duric et al.,
1988). While bremsstrahlung radiation from UCDs does emit at radio frequencies,
the contribution is far below the detection limit of radio telescopes, on the order of
nanoJanksies. Radio emission fromUCDs implies brightness temperatures of order
1012 K using Equation 1.21, ruling out any thermal process as the source. Non-
thermal, relativistic bremsstrahlung is also present in UCDs, however, producing
detectable X-ray emission (Berger et al., 2008a).

1.5.3 Plasma Emission

Unlike bremsstrahlung radiation, where electrons act independently of one another
to produce radiation across the electromagnetic spectrum, electrons in coherent
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Figure 1.8: The steps involved in plasma emission, resulting in radiation at the
fundamental and second harmonic of the plasma frequency. Reproduced
from Melrose (1991).

processes such as plasma emission act together, producing emission in narrow
frequency bands. The strength of emission is not directly related to the temperature
of the emitting source, indicating nonthermal emission. Plasma emission occurs
when a stream of electrons stimulate oscillations in the stellar plasma, releasing
radio emission corresponding to the frequency of oscillations. The conditions for
plasma emission are met when perturbing electrons are oscillating in a magnetic
field with frequency greater than the plasma frequency, the timescale for plasma
to return to a charge neutral state after a displacement in the charge. This occurs
through a process first described by Ginzburg and Zhelezniakov (1958).

An initial beam of electrons spiraling along a magnetic field line with angular
frequency ωe reaches a streaming instability, where higher velocity electrons at the
front of the beam outpace the slower electrons in the back, leading to an uneven
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velocity distribution with a positive gradient. It is produced by electrons reaching
>10 keV (T>108 K) energies forming a “bump” of higher velocity electrons at
the “tail” end of the velocity distribution (Figure 1.9). This velocity bump is
formed by electrons streamed along magnetic field lines or by depletion of slow-
moving electrons through collisions in the plasma. If the fast-moving electrons
have an angular velocity greater than the natural frequency of the plasma, ωe > ωp,
then there is a net positive transfer of free energy from the electrons to the plasma
(Drummond et al., 1970). This leads to exponential amplification of energy transfer
and the production of plasma oscillations known as Langmuir waves. There are a
few paths by which the plasma waves can release energy through radio emission,
including wave-ion and wave-wave interactions. A Langmuir wave of frequency
ωL can scatter off ion sound waves of frequency ωi, producing emission at the
fundamental plasma frequencywithωp = ωi+ωL , or additional scattered Langmuir
waves of ωL . Two plasma waves can collide and coalesce to produce emission at
the second harmonic of the plasma frequency, ωL + ωL = 2ωp. This process is
shown in Figure 1.8.

Figure 1.9: The bump-in-the-tail distribution of electron velocities, where
there is a greater number of higher velocity electrons (red shaded region)
than lower velocity electrons (blue shaded region).
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Plasma emission for astrophysical application was initially developed to de-
scribe the observed properties of Solar radio bursts (Ginzburg and Zhelezniakov,
1958). The plasma frequency in the active Solar region is ∼300 MHz, although
damping can cause the escaping radiation to be reduced to lower frequencies. It is
often seen in Type II and III radio bursts, which are characterised by drifting radio
emission at the fundamental and second harmonic of the plasma frequency, often
associated with Solar flares (Zlotnik et al., 1998; Reid and Ratcliffe, 2014). Obser-
vations of Type III bursts show an angular dependence on the outgoing radiation,
consistent with the radiation patterns expected for plasma emission (Thejappa and
MacDowall, 2015).

Although plasma emission is commonplace in Solar radio bursts, its effectivity
is limited. As in the Sun, plasma emission from UCDs is likely constrained to
∼ 100 MHz frequencies because of the dependence on high electron densities and
because emission at higher radio frequencies gets damped by free-free absorption.
High thermal coronal temperatures in UCD atmospheres may be able to circumvent
this to a degree, as suggested by Burgasser and Putman (2005), possibly enabling
GHz frequency plasma emission in very active stars such as AD Leo. However,
this speculation is not supported by X-ray observations of such active UCDs; for
example, a Chandra non-detection of the radio bright UCD LSR J1835 shows
that the stellar corona did not reach the necessary temperatures to produce plasma
emission in the GHz range (Hallinan et al., 2008; Berger et al., 2008b). While
bursting, coherent emission is seen at GHz frequencies from someUCDs (discussed
later), the more likely explanation for that emission is the electron cyclotron maser
instability.

1.5.4 The Electron Cyclotron Maser Instability

The electron cyclotron maser instability is a nonthermal process by which energetic
electrons in a low-density plasma cannot release energy via plasma radiation, so
instead lose energy through direct emission. Like plasma emission, it is a coher-
ent process; meaning that electrons release emission in a narrow frequency band.
The earliest theories of the electron cyclotron maser instability were developed in
the late 1950’s (Twiss, 1958; Ginzburg and Zhelezniakov, 1958; Schneider, 1959),
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and showed that interactions between energetic electrons and plasma waves at the
cyclotron frequencies and its lower resonant frequencies could amplify the electro-
magnetic plasma waves, leading to negative absorption at the cyclotron frequency.
The phenomenon itself is perhaps unfortunately named - maser is an acronym for
microwave amplification by stimulated emission of radiation, essentially a radio
wavelength laser. However, the electron cyclotron maser does not involve quantum
effects or the stimulated jumping of electrons to lower energy levels. Instead, en-
ergy is released in the form of radio emission if thermal release through heating
or particle acceleration fail. In the presence of a strong magnetic field, this occurs
when the plasma frequencies are all significantly below the cyclotron frequency
ωc = qB/2πme, or angular frequency of a charged particle such as an electron
moving in a magnetic field. Additionally, the term “cyclotron” implies that the
electrons involved are non-relativistic, but in practice the electrons in ECMI can be
weakly relativistic, with γ ≈ 1.02 (Chu, 2004).

The electron cyclotron maser instability (ECMI) produces emission near the
cyclotron frequency ωc and its harmonics sωc, although the strength of emission
rapidly decreases with increasing values of s. For typical UCD magnetic field
strengths, strong ECMI emission is in the 1−10 GHz frequency range, but for Solar
System planets where the phenomenon is observed, weaker magnetic fields bring
emission down to ∼100 kHz. There are two primary models of ECMI emission
from stars and planets: a loss-cone driven model and a horseshoe model, both
describing the distribution of precipitating electrons on the plasma. In both models
ECMI is expected to produce coherent, highly circularly polarised, pulsed emission.

The loss-cone instability model relies on a population of electrons with the
distribution,

f (p⊥, p‖) = A(p⊥)2je−p
2/(∆p)2, (1.27)

where p is the momentum, and the subscripts ⊥ and | | denote the components
perpendicular and parallel to the magnetic field, respectively, A is a constant, j is
the loss-cone index describing the distribution of angles at which the precipitating
electrons are absorbed into the stellar or planetary atmosphere, and ∆p is the
momentum dispersion (Treumann, 2006). The defining feature of the loss-cone
distribution is the absence of electrons at low pitch angles, or angle between the
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Figure 1.10: Distribution of electron velocities by parallel component v | | (x-
axis) and perpendicular component v⊥ (y-axis). The “inverted V”
represents a region of population inversion in v⊥, where a greater
number of electrons have higher perpendicular velocity than have lower
perpendicular velocity. “Beam” refers to the precipitating electron
beam incident on the UCD atmosphere, while vb refers to the initial
beam velocity. The triangular conical shape represents the loss cone,
where electrons with velocities approximately parallel to the magnetic
field are lost to the stellar atmospheres. Used with permission from
Treumann (2006).

particle’s velocity vector and the magnetic field. It requires high temperatures for
emission to dominate absorption and cyclotron frequencies related to the plasma
frequency byωc ≈ 1.25−5ωp. This loss-cone anisotropy can be produced in certain
situations where a propagating beam of electrons of velocities vb are incident on a
stellar or planetary atmosphere, where electrons with low pitch angles are absorbed
by the atmosphere under the condition that α∗ > arcsin

√
Bt/Bf , where α∗ is defined

as the critical pitch angle, Bt and B f are the magnetic field strength at the top and
the footpoints of the precipitating electron flux tube, respectively. Electrons with
pitch angle α greater than α∗ are reflected upward into the convergingmagnetic field
due to the magnetic mirror effect. The magnetic mirror effect occurs when charged
particles, in this case electrons, become trapped and reflected when traveling from
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regions of low to high magnetic field strengths. An idealised loss-cone velocity
distribution is shown in Figure 1.10. Emission from a loss-cone distribution occurs
when energetic electrons are moved to a point of lower energy by a wave, and
the electrons impart energy to the wave. This occurs when a resonance is met
between the electromagnetic waves and electrons spiraling with angular cyclotron
frequency ωc in a magnetic field (ω − sωc/γ − k | |v | | = 0), where ω is the angular
frequency of wave, k | | is the parallel component of the wavenumber and v | | is the
parallel component of the resonant electron velocity. By depleting electrons at low
pitch angles, the loss-cone distribution creates an anisotropy where there are more
energetic electrons than ground-state electrons, enabling the electrons to transfer
energy to the wave under the resonant condition. Conversely, the condition for
absorption is met when the energy of the wave is greater than that of the electrons,
and electrons will absorb some energy from the wave. The resonant condition
forms an ellipse when plotted in p⊥p | |-space, where the line integral around the
ellipse is the absorption coefficient.

For mildly relativistic electrons (E < 500 keV), the growth rate of electromag-
netic modes for a given electron momentum distribution f ( ®p) is determined by
numerically integrating ∂ f /∂p over the ellipse defined by the resonance condition,

Γ
σ
s (
®k) =

∫
Aθs ( ®p, ®k)δ(ω − sΩc/γ − k | |v | |)

(
sΩc

γv⊥

∂

∂p⊥
+ k | |

∂

∂p | |

)
f ( ®p)d3 ®p, (1.28)

where k is the wavenumber, ω is the wave frequency, ®p is the electron momentum,
Ωc is the cyclotron frequency, s denotes the harmonic, f ( ®p) is the electron distri-
bution, and δ is the Kronecker delta function (Melrose et al., 1980). The prefactor
Aθs ( ®p, ®k) comes from approximated Bessel functions and takes the form,

Aθs ( ®p, ®k) ≈
4π2e2c2β2 sin2 θ

(1 + Tσ)2
s2s

22s(s!)2
(β sin θ)2s−2(1 + | cos θ |Tσ)2, (1.29)

where σ is the mode, Tσ is the axial ratio of polarisation for mode σ, β = v/c

(Melrose et al., 1980; Dulk, 1985), and θ is the observing angle. The wave mode
σ can take on values of σ = 1 for the ordinary (O) mode or σ = −1 for the
extraordinary (X) mode, describing the direction of polarisation with respect to
the magnetic field. Emission occurs when the net positive contribution to the
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wave growth is greater than the net negative contribution. Since k | | << ω/c and
ω ≈ sΩc in the semirelativistic approximation, the ∂ f ( ®p)/∂p⊥ term in Equation
1.28 is larger than the ∂ f ( ®p)/∂p | | term. Growth of the wave then requires that
∂ f ( ®p)/∂p⊥ > 0, which is satisfied by the loss-cone distribution as electrons with
low v⊥ are absorbed into the atmosphere.

The largest contributor to wave growth is the derivative term in Eqn. 1.28;
amplification primarily occurs due to electrons escaping from within the loss cone,
at frequencies ≈ sωc. Most emission will be at the s = 1 harmonic, as at higher
harmonics emission is throttled both by strong absorption and lower growth rates.

The earliest models of ECMI relied on the loss-cone distribution to power the
instability. However, even accounting for effects such as relativistic corrections
(Wu and Lee, 1979), the loss-cone model still suffered from low growth rates and
broader emission, inconsistent with the intense, very narrow emission features
that were observed from the Earth’s auroral kilometric radiation (Gurnett and
Anderson, 1981). Particle simulations based on the loss-cone distribution found it
both inefficient and incapable of producing the in situ measured strengths of auroral
kilometric radiation (Pritchett, 1986). These issues were resolved by considering a
ring-shell (horseshoe) distribution of electrons.

The horseshoe model focuses on the large drifting motions of electrons them-
selves in the global stellar magnetic field, combining a shell distribution with the
loss-cone distribution. Following Treumann (2006) the horseshoe distribution,
produced by electrons in a dipolar magnetic field that are accelerated by a parallel
electric field, is

f (p⊥, p‖) =
1

2πp⊥
δ(p2
⊥ + p2

| |
− p2

s), (1.30)

where ps is the three-dimensional shell momentum. This shell distribution is less
stable than the loss-cone distribution, leading to a higher intensity and growth rate
thatmatch observations of Solar System auroral emission (Ergun et al., 2000). In the
case of planets and UCDs, a horseshoe shape arises from the influence of a global
magnetic field. A strong dipolar magnetic field that is weakest at the equator of the
star and strongest at the poles will cause electrons to bounce back and forth between
the strongest points around either pole. Electrons are accelerated by the parallel
component of the electric field at the poles - generated by the electric potential
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gradient between magnetosphere and upper atmosphere, E | |, increasing the parallel
component of the electron’s velocity v | | as they move towards areas of increasing
magnetic field strength. Conservation of magnetic moment µ = mev

2
⊥/2B enables

some of the energy gained by the electrons in the acceleration to be transferred from
the parallel component v | | to the perpendicular component of the velocity v⊥. The
horseshoe distribution emerges when magnetic mirroring causes some electrons to
get deflected or absorbed into the atmosphere while others are reflected upward,
where the upward directed electrons are confined to a narrow range of speeds. In
this model, the acceleration of electrons by the parallel component of the electric
field is what stimulates emission (Melrose and Wheatland, 2016).

While the electron cyclotron maser was initially conceived in astrophysical
contexts to explain the auroral radiation observed in Solar System planets, some
radio detections of UCDs have all the hallmarks of ECMI. The viewing angle
dependence in the growth rate prefactor, Equation 1.29, shows that emission is
highly beamed at angles nearly perpendicular to the magnetic field (Treumann,
2006; Dulk, 1985), causing ECMI to be rotationally modulated with the same
periodicity as the star. The growth rate is also strongly dependent on the wave mode
σ, with emission being largest in the X-mode, resulting in strongly circularised
emission. Thus, pulsed, highly circularly polarised emission from UCDs near
the cyclotron frequency of the relevant electron population, 1-10 GHz for typical
UCD magnetic field strengths, is generally attributed to the ECMI (Hallinan et al.,
2008). The theoretical basis for UCD ECMI emission relies on the generation of
an axisymmetric dipolar magnetic field that is co-aligned with the UCD spin axis,
and a weakly ionised atmosphere. A mostly dipolar field configuration is thought to
be necessary for coupling between the ionosphere and magnetosphere, generating
the “engine” for auroral ECMI (Pineda et al., 2017). Auroral electron precipitation
provides a population of mildly relativistic electrons that increase the intensity of
auroral currents (Rycroft et al., 2008). The ECMI emission is strongly beamed
(i.e., Zarka, 2004), and radio emission from ECMI will peak as the beam rotates
into view, producing pulsed emission coincident with the stellar rotation. Since it
is produced near the poles, ECMI emission from UCDs is expected to depend on
the inclination as well, with higher inclinations meaning more beamed emission is
visible (Nichols et al., 2012).
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1.5.5 Synchrotron Radiation

The most common source of nonthermal emission in astrophysical applications
is synchrotron radiation, accounting for most of the radio emission from active
galactic nuclei and star-forming regions as well as optical emission from nebulae
and quasars (e.g., La Mura et al., 2017; Wills et al., 1992; Klein et al., 2018;
Burbidge, 1957). Synchrotron radiation is electromagnetic emission released by
high-energy particles accelerated along a curved path; in astrophysical contexts, this
is ultrarelativistic electrons, with energies�mec2, spiraling in a magnetic field.

Following Longair (2011), the loss rate of energy dE/dt in the rest frame of a
single electron gyrating in a magnetic field is given by,

dE
dt
= −

γ4q2

6πε0c3 Ûv
2, (1.31)

where the acceleration of the electron Ûv is always perpendicular to the velocity of
the particle and the magnetic field. The acceleration of an electron is found using
the force on the electron in the presence of a magnetic field ®B and an electric field ®E,
®F = q(®E+®v× ®B) = q®E in the rest frame of the electron, where ®E = ®ÛvγB sin θ, giving
acceleration ®Ûv = qγv ®B sin θ/me. Combining this and the Thompson cross-section
σT ,

−
dE
dt
= 2σT cγ2Umag

( v
c

)2
sin2 θ, (1.32)

where σT = (8π/3)(q2/(4πε0mec2))2, the energy density of the magnetic field
Umag = B2/2µ0, and θ is the pitch angle. Transforming from the electron’s rest
frame to the lab frame, considering the ultra-relativistic limit v → c, and averaging
over solid angle gives the simplified expression,

−
dE
dt
=

4
3
σT cγ2Umag. (1.33)

Unlike plasma and ECMI emission, most synchrotron radiation is incoherent,
although pulsars do emit coherent synchrotron radiation (e.g., Contopoulos, 2009).
Synchrotron emission reaches a maximum at frequency of νmax = 0.29νc, where
νc is the cyclotron frequency. The emission frequency of an individual electron is
approximated by ν = γ2νc, where γ = E/mec2.
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In the case of a power-law distribution of electrons, where the number distri-
bution of electrons is N(E) ∝ E−δ , the spectral emissivity - or total emission per
solid angle - in the range E to E + dE radiated in the frequency range ν to ν + dν
is given by,

jν = −
dE
dt

N(E) dE . (1.34)

Using the relations E = γmec2 =
√
ν/νc mec2, dE = mec2/(2√vcν)dν, and

−dE/dt = 4/3σT c [EB/(mec2)
√

2µ0]
2, the specific intensity Iν due to synchrotron

radiation from a source of volume V and magnetic field strength B is,

Iν = 1.7 × 10−21 2σT c
3µ0(mec2)δ−1

(
q

2πme

) (δ+1)/2 V B
Gauss

(δ+1)/2

×

(
6.26 × 1018

ν

) (δ−1)/2

erg s−1 Hz−1 cm−2 sr−1.

(1.35)

The electron energy index δ is thus related to the spectral index of the syn-
chrotron emission α by α = (δ − 1)/2.

The spectrum is subdivided into optically thick and thin portions according to
the wavelength of light; the optical thickness determines the ability of radiation to
escape from a medium without being absorbed. Optical depth is defined as,

τ(ν) =

∫ s

0
κ(ν)ρds, (1.36)

where κ(ν) is the opacity of the medium at frequency ν - in this case, the stellar
atmosphere - ρ is the density, and ds is an incremental distance along the line of
sight for a total distance s. Note that κ(ν) is related to the absorption coefficient κ
by The opacity inhibits the outgoing specific intensity by,

Iν = I ′νe−τ(ν), (1.37)

where I ′ν is the stellar intensity unimpeded by propagation through an absorbing
medium.

Emission at frequencies below the cyclotron frequency is in the optically thick
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portion of the spectrum, where τ(ν) > 1, and synchrotron self-absorption occurs
for all electron energy distributions. When optically thick, the specific intensity is
rising with a spectral index of α = 5/2. In contrast, in the optically thin portion of
the spectrum the characteristic synchrotron electron energy indices of 2 ≤ δ ≤ 5,
the corresponding spectral index range is −0.5 ≥ α ≥ −2.

Although stars are not commonly discussed as sources of synchrotron radiation,
it has been observed in some stellar emission, including from the Sun (Kruse et al.,
1956). The terms synchrotron and gyrosynchrotron - the latter referring to a mildly
relativistic version of synchrotron radiation - are sometimes used interchangeably in
the literature on UCD radio emission (e.g., MacGregor et al., 2020; Williams et al.,
2015), but gyrosynchrotron emission (discussed in the following section) is the
more likely mechanism for quasi-quiescent radio emission from UCDs. There are a
few reasons for this; peak emission frequencies point towards only mildly relativis-
tic electron energies, the high linear polarisation characteristic of synchrotron is not
seen in observations, inferred spectral indices are more consistent with gyrosyn-
chrotron values, and synchrotron radiation is often highly beamed and rotationally
modulated (Berger, 2002; Osten et al., 2009). Additionally, Ramaty (1969) argues
that the magnetic field and dense plasma conditions make it unlikely for electrons
to reach ultrarelativistic energies in stellar environments. Nonetheless, synchrotron
radiation may be a possible source of some radio emission from ultracool dwarfs,
possibly originating in chaotic stellar winds where plasma density is significantly
lower (White, 1985) or radiation belts as in the case of Jupiter (Girard et al., 2016;
Hallinan et al., 2006).

1.5.6 Gyrosynchrotron Radiation

Gyrosynchrotron radiation can be seen as a special case of synchrotron radiation
involving only mildly relativistic electrons, and is likely responsible for much of the
radio emission during Solar flares, weak magnetic brightening, and coronal mass
ejections (e.g., White and Kundu, 1992; Kundu et al., 2001; Gary and Hurford,
1987; Nindos, 2020). In the astrophysical contexts discussed in this work it is
incoherent, nonthermal emission produced by mildly relativistic electrons spiraling
along magnetic field lines. Thermal gyrosynchrotron, or gyroresonance, emission
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is possible, but not considered in this work due to its low brightness temperatures,
inconsistent with observations of UCDs. Unlike synchrotron radiation that requires
ultrarelativistic electrons where γ � 1, gyrosynchrotron radiation is produced by
electron populations that are only mildly relativistic, with γ ∼ 2-6. Both ECMI
and gyrosynchrotron radiation peak near the cyclotron frequency, leading to some
possible confusion between the two mechanisms in UCDs.

The theoretical framework for gyrosynchrotron radiationwas developed in 1912
(Schott, 1912), but it was not until numerical calculations (Ramaty, 1969; Wild and
Hill, 1971; Dulk and Marsh, 1982) and observations (Takakura and Scalise, 1970)
performed in the second half of the century that full equations for gyrosynchrotron
emission were developed. The expressions themselves are determined numerically
and are not universally applicable, but hold well over the range of characteristic
gyrosynchrotron electron energy indices 2 ≤ δ ≤ 7, viewing angles θ ≥ 20◦, and
ν/νc ≥ 10 (Dulk and Marsh, 1982).

Following the work of Dulk (1985), the number distribution of electrons per
energy interval dE is given by,

n(E) = (δ − 1)Eδ−1
0 NE−δ, (1.38)

where δ is the electron energy index, E0 is the low-energy cutoff (set at a low
value of 10 keV for mildly relativistic electrons, although electrons below 100
keV contribute very little to the total energy), and N is the number of electrons
per cm3. The electron energy index δ can be related to the spectral index α by
α = 0.9δ − 1.22 (Dulk and Marsh, 1982), differing slightly fom the relation for
synchrotron radiation. For electron energy indices 2 ≤ δ ≤ 7, the corresponding
spectral index range is −0.58 ≥ α ≥ −5.1 in the optically thin portion relevant to
this work.

Numerically evaluating the formulae presented in Takakura and Scalise (1970),
Dulk and Marsh (1982) determined the following gyrosynchrotron relations,

ην
BN
≈ 3.3 × 10−2410−0.52δ(sin θ)−0.43+0.065δ

(
ν

νc

)1.22−0.90δ
, (1.39)
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κ(ν)B
N
≈ 1.4 × 10−910−0.22δ(sin θ)−0.09+0.72δ

(
ν

νc

)−1.30−0.98δ
, (1.40)

Teff ≈ 2.2 × 10910−0.31δ(sin θ)−0.36−0.06δ
(
ν

νc

)0.50+0.085δ
, (1.41)

rc ≈ 1.26 × 100.036δ10−0.071 cos θ
(
ν

νc

)−0.782+0.545 cos θ
, (1.42)

νpeak ≈ 2.72 × 103100.27δ(sin θ)0.41+0.03δ(N L)0.32−0.03δ × B0.68+0.03δ . (1.43)

In the above relations, ην is measured in units of ergs cm−3 s−1 Hz−1 sr−1 and κ(ν)
in units of cm−1 are the absorption and emission coefficients, respectively. Teff

is the nonthermal effective temperature or effective temperature of the radiating
electrons measured in K, rc is the degree of circular polarisation, νpeak is the peak
emission frequency measured in Hz, θ is the viewing angle between the magnetic
field and the line of sight, B is the magnetic field in units of Gauss, and L is the
effective path length, related to the optical depth τ(ν) and κ(ν) by τ(ν) = κ(ν) L.
The gyrosynchrotron relations are represented graphically in Figure 1.11, for three
values of the electron energy index δ = 3, 5, 7.

While time variable pulsed and highly circularized emission from ultracool
dwarfs is usually attributed to ECMI, many UCDs also show an incoherent quasi-
quiescent radio componentmore characteristic of gyrosynchrotron radiation (Güdel,
2002; Osten et al., 2015). The strength of gyrosynchrotron radio emission from
UCDs is dependent on the strength of the UCD magnetic field, the electron energy
index δ, and the size of the emitting region. This is discussed in further detail in
Chapters 3 and 4.

As detailed by Williams et al. (2014), gyrosynchrotron radiation could origi-
nate in frequent small-scale magnetic reconnection events. These events accelerate
a population of downward-directed electrons confined to the magnetic field lines
to near-relativistic energies, producing detectable radio emission, while also in-
jecting highly energetic protons into the stellar environment (Figure 1.12). While
the outgoing energetic particles cannot be detected directly, the gyrosynchrotron
emission caused by the mildly relativistic electrons can be used as a tracer for
such events (Hughes et al., 2019; Osten et al., 2016; Bastian et al., 1998). The
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Figure 1.11: The gyrosynchrotron relations from Dulk and Marsh (1982),
reproduced here with permission. Each curve shows δ values of 3, 5,
& 7, with solid lines showing viewing angles of 80◦ and dashed lines
showing viewing angles of 40◦. The six plots represent (a) the emission
coefficient, (b) absorption coefficient, (c) effective temperature, (d)
degree of circular polarisation.

presence of energetic protons is particularly important when considering the im-
pacts on surrounding planets. Several studies have shown that stellar UV emission
alone may not be catastrophic for planets and could even be beneficial (Ranjan
and Sasselov, 2016), but simulations ran by Segura et al. (2010) and Tilley et al.
(2017) suggest that it is energetic particles, not UV emission alone, that is the most
damaging to planetary atmospheres. The implications of gyrosynchrotron radiation
on surrounding planets is discussed in detail in Chapter 5.
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Figure 1.12: During magnetic reconnection events, accelerated particles are
released from the upper loop, whereas a population of mildly relativis-
tic electrons is trapped within the lower loop - releasing radio emis-
sion through gyrosynchrotron radiation. This radio emission is one
of the only ways to trace the energetic particles during these events.
Artist’s conception, commissioned and used here with permission from
Alexandra Lash.
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Chapter 2

Radio Astronomy

Earth’s atmosphere is opaque to most wavelengths of light across the electromag-
netic spectrum, although a few wavelength ranges are able to transmit through the
atmosphere with little disturbance. Atmospheric ozone absorbs UV emission, and
almost all of the incoming X-rays and gamma rays are absorbed by oxygen and
nitrogen in the upper atmosphere, while infrared emission is absorbed by carbon
dioxide and water vapour (Rees, 1989). Although the relatively narrow frequency
range of visible light is largely transmitted through the atmosphere, it is subject
to distortion by air turbulence - leading to the demand for space-based optical
telescopes. Incoming radio-wavelength light spanning frequencies of 20 kHz to
300 GHz (or 1 mm to >1000 km) is transmitted with little atmospheric distortion
down to frequencies of < 10 MHz, below which it is then reflected by Earth’s
ionosphere. This gives radio astronomers a unique advantage to observing with
ground-based telescopes. They are located in dry sites to minimise the effects of
water vapour, which can absorb incoming radio emission. However, observing at
such long wavelengths introduces some challenges to constructing a sufficiently
sensitive telescope.

2.1 Radio Telescopes
The broad frequency range spanned by radio emission means that nearly every
astronomical object is active in at least some radio bands. However, the range is
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too wide for a single telescope to effectively cover the full spectrum, leading to a
variety of designs used to convert radio emission in a limited range of frequencies to
electric currents. This can take a number of diverse forms, ranging from dipole and
horn antennas to parabolic antennas or arrays. A single dipole antenna design, such
as that used by Low-Frequency Array (LOFAR), consists of co-linear conductors
that receive current related to the frequency of incoming radiation. Horn antennas
receive incoming radiation through a large, directional opening that is tapered down
to a single dipole antenna and converted into a current that measures intensity. The
most famous example of a horn antenna is the Bell Labs Holmdel antenna, which
enabled Arno Penzias and Robert Wilson to make the accidental discovery of the
cosmic microwave background radiation (Penzias and Wilson, 1965). Parabolic
antennas collect incoming radio emission in a large reflecting dish that focuses
onto a small feed antenna, where they are reflected back onto a feed horn in the
paraboloid that amplifies and converts the signal. All of the data used in this thesis
were collected by arrays of parabolic antennas called interferometers, discussed in
further detail below.

A single dish parabolic antenna needs to have a much larger collecting area than
optical telescopes in order to achieve a comparable resolution because of the long
wavelengths involved. Angular resolution is typically defined by the Rayleigh Cri-
terion, or the minimum angular resolution needed to resolve two distinct sources.
This definition is based on the Airy diffraction patterns generated by two point
sources separated by an angular distance θ. The two sources are considered unre-
solved when their maxima overlap, and the Rayleigh Criterion is met when maxima
of the two sources overlap but are distinguishable. This is given by,

θ ≈ 1.22
λ

D
, (2.1)

where θ is the angular resolution in radians, λ is the wavelength of measured radi-
ation, and D is the diameter of the aperture (Rayleigh, 1880). In radio astronomy,
it is conventional to approximate the resolution as θ ≈ λ/D, where the requirement
for resolveability is set by the overlap in the full-width-half-maximum of the source
maxima. It is clear from this relation that larger values of λ require correspond-
ingly large values of D to maintain a constant angular resolution θ. Following the
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Rayleigh Criterion, optical telescopes can achieve a 1” resolution with less than a 1
m diameter aperture. In contrast, at radio frequencies where λ is large, telescopes
with diameters ranging from 200 m to 1000 km are necessary to achieve the same
resolution if using a single collecting area. The two largest single dish radio tele-
scopes, Five-Hundred-Meter Aperture Spherical radio Telescope (FAST) and the
late Arecibo Observatory, have angular resolutions of 3” and 4”, respectively - still
significantly less than the 1” angular resolution met even by small optical telescopes
such as the Transiting Planets and Planetesimals Small Telescope.

It is not structurally feasible to construct single radio dishes with the excessively
large diameters necessary for ∼1” resolution, but it can instead be done through
the combination and synthesis of signals from multiple antennas separated by
distances larger than the dishes themselves. The method of doing this is called
interferometry, and the telescope arrays used to synthesize one coherent signal are
known as interferometers. A review of interferometers is included below, followed
by a brief discussion of the historical context.

2.2 Interferometry
The observations presented in this work make use of the VLA and ALMA interfer-
ometers, two of the few radio telescopes in the world with the sensitivity necessary
to detect the dim radio emission of ultracool dwarfs. Both arrays use parabolic
antennas, which consist of a primary mirror that reflects incoming radio waves onto
a focus, a steerable antenna that can track sources in two dimensions, a secondary
mirror that focuses incoming radio waves to a receiver located behind the primary
mirror, and a receiver waveguide that finally collects the incoming radiation and
transmits it to a cryogenically cooled amplifier. Note that radio mirrors do not need
to be smoothed to the same degree as optical mirrors, and are made from metal
with a surface too rough to act as a mirror to optical light.

Radio interferometers use aperture synthesis, or the process of combining the
signals of many individual dishes, to operate with the angular resolution of a
single very large antenna the size of the full collection area. Each individual
telescope measures the amplitude and phase of the incoming radiation, which are
then combined pairwise through cross-correlation. In aperture synthesis it is the
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Figure 2.1: Diagram of a simple two-element interferometer, with antennas 1
and 2 separated by baseline B. Incoming light will produce voltages V1
and V2 from each element, separated by a geometric time delay
τ = B sin θv/c.

baseline, or separation of an antenna pair, that ultimately determines the angular
resolution. Interferometers are limited to the same field of view as an individual
antenna, but the sensitivity improves non-linearly with the number of elements.
A synthesis telescope does not behave exactly like a single dish telescope of the
same size, rather the received electric field is used to infer properties of the sources
instead of directly measuring the intensity.

The simplest interferometer consists of two antennas, 1 and 2, separated by a
baseline B (Figure 2.1). If there is a point source emitting at frequency ν, light
from that source will reach each antenna at different times separated by a geometric
time delay τ = B sin θ/c, where B sin θ is the resulting phase difference of light
arriving at each aperture. Each antenna converts received light into a voltage, V1

and V2, related to the angular frequency ω = 2πν, time t, and time delay τ by,

V1 = V cos(ωt)

V2 = V cos(ω(t − τ)).
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A correlator multiplies the two voltages together,

V1V2 =
V2

2
(cos(2ωt − ωτ) + cos(ωτ)), (2.2)

and averages the resulting signal over a long enough time (∆t � 0.5ω) to remove
the cos(2ωt − ωτ) term from the final signal, which becomes,

R =< V1V2 >

=
V2

2
cos(ωτ).

(2.3)

Both an amplitude and a phase term, V2/2 and cos(ωτ), are included in the final
expression. This cross-correlation process measures the coherence of the two
received signals, as opposed to directly measuring the intensity of the source.

An interferometer measures the even and odd components of the amplitudes
(cosine and sine, respectively), leading to a complex coherence of the individual
antennas that includes both amplitude and phase measurements. This is called
the complex visibility function V(u, v), which can then be transformed into a sky
brightness. The u direction points East-West, and the v direction points North-
South. The separation between two antennas in an interferometer is typically given
in terms of the number of wavelengths λ in the directions u and v. Let the sky
plane have an intensity distribution given by the function T(l,m), where l and m

are angular measurements in the East-West and North-South directions, and are
measured in radians. The u, v and l,m planes are tangent to one another, where
the u, v plane is dome-shaped and the l,m plane is the flat sky plane, assuming
small angles. The two planes are related to one another by a Fourier transform (see
Section 2.2.3), V(u, v)

F
−→ T(l,m), or

V(u, v) =
∫ ∫

T(l,m)e−i2π(ul+vm)dldm. (2.4)

An interferometer samples the u, v plane according to the number of unique
baselines, 1

2 N(N − 1) times, where N is the total number of antennas. The Fourier
transform of the weighted sampling of the u, v plane is called the “dirty beam”,
shown in Figure 2.2. As such, each point in the visibility V(u, v) plane contains in-
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Figure 2.2: Dirty beam produced by an interferometric measurement of one
point on the u, v plane, in ambiguous sky coordinates, or the Fourier
transform of the sampling function. They are produced by two antennas
(left), four antennas (middle), and five antennas (right). The position
of the antennas and baseline between them determines the distribution
of sine waves in the pattern. Adding additional antennas is useful for
filling in the u, v plane.

formation on the sky brightness planeT(l,m) plane everywhere rather than confined
to one particular region. Each visibility is also a complex quantity, containing both
real an imaginary components that correspond to the amplitude and phase of the co-
herent signal, respectively. The amplitude component describes the “brightness” at
a certain frequency, while the phase component describes the location of the source
- so the visibility evaluated at the centre of the visibility plane, V(u = 0, v = 0) is
just the total flux density.

In radio interferometry, the “primary beam" is defined as the Fourier transform
of the telescope aperture. It is the full-width-half-maximum (λ/D, where D is the
diameter of a single dish) of the main lobe directed towards the source. While there
is additional response in the antenna due to side lobes (smaller, peripheral beams
shown in Figure 2.3), the primary beam of an interferometer is akin to the field of
view.

Because the u, v plane sampling is necessarily incomplete, the resulting dirty
beam can retain some noise-like structure that is imposed on the dirty image, or
sky brightness convolved with the dirty beam. The impact of this beam pattern can
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Figure 2.3: The radiation pattern produced by a radio telescope. The main
lobe is where the majority of the signal is received, and is oriented
toward the observing target. The side lobes, produced by the diffraction
pattern of the beam, usually pick up radiation from outside the intended
field of view.

be corrected by iteratively removing the antenna response, done in the CLEAN-
ing process (discussed in Section 2.2.4). This process is unfortunately not always
straightforward, and a bright object captured in the side lobes can introduce signif-
icant artefacts to the data that cannot be easily removed, as in the case of my 3 GHz
TRAPPIST-1 observations (Figure 2.4).

2.2.1 The Karl G. Jansky Very Large Array

By the mid-twentieth century, it became clear that the construction of radio interfer-
ometers was necessary in order to achieve significant improvement in the resolution
of radio observations. In 1959, the National Science Foundation (NSF) officially
appointed a committee to improve upon existing instrumentation and investigate
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Figure 2.4: 3 GHz observations centred on TRAPPIST-1. The image is cor-
rupted by significant artefacts caused by a bright quasar seen in the
wide-field image on the right.

the construction of more powerful radio telescopes. The committee did discuss the
development of a 16-element array consisting of 61 8-metre antennas as well as a
proposed spherical reflector telescope in Puerto Rico. However, this did not lead
to any concrete plans for construction, with the committee noting that the biggest
hurdle was a lack of radio astronomers in the United States and recommended
increasing the funding for academic programs in radio astronomy.

Fortunately, the National Radio Astronomy Observatory (NRAO) in the early
1960’s began developing plans to build a hypothetical telescope called the Very
Large Antenna (VLA), later renamed the Very Large Array when the plan evolved
from a single dish to an interferometer. It was originally envisioned to include 100-
150 antennas and extend for several kilometers in a T-shaped configuration. By
the time the VLA was given congressional approval and construction was started
in 1972, the details of the telescope had changed significantly to include fewer
antennas now arranged in a Y-shape. The VLA was designed to study a range of
topics in radio astronomy, although the 1965 initial VLA report did not mention
stellar physics and it was only given a cursory note in the 1967 project proposal. It
now accounts for a large fraction of VLA observing time. A more detailed history
is described in Kellermann et al. (2020).
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The VLA today is dedicated to Karl G. Jansky, and is located in the plains of
San Augustine, New Mexico. It consists of 27 antennas, each 25 m in diameter.
The antennas can be relocated along tracks to accommodate a range of baselines,
with maximum separations between dishes ranging from 1 to 36 km depending
on the array configuration. The VLA covers a frequency range from 74 MHz -
50 GHz (400 − 0.7 cm), which includes the peak emission frequency for ECMI
and gyrosynchrotron emission given the typical UCD magnetic field strength. The
VLA is able to achieve a angular resolutions ranging from 0.043” to 46” depending
on the array configuration and observing band.

2.2.2 The Atacama Large Millimetre Array

The Atacama Large Millimetre Array (ALMA) was originally proposed in the late
1900s as a collaborative effort between the NRAO and the European Southern
Observatory (ESO) to develop a radio telescope with the sensitivity of the Large
SouthernArray (LSA) and theMillimetreArray (MMA), planned projects that never
saw construction. The National Astronomical Observatory of Japan (NAOJ) later
joined the collaboration, adding a smaller array of telescopes called the Atacama
Compact Array. The acronym ALMA was agreed upon because the word alma
translates to “soul” in Spanish and “knowledgeable” in Arabic. Construction on
the telescope ran from 2008-2011 in the Atacama desert in Chile, and the telescope
began to take observing proposals in 2012.

ALMA consists of 66 total antennas, 54 of which are 12 m in diameter and 12
of which are 7 m in diameter. The antennas can be moved around using massive
transporter trucks to accommodate baselines ranging from 0.15−16 km, depending
on the array configuration. ALMA covers a frequency range significantly higher
than the VLA, ranging from 84 GHz (3.6 mm) to 950 GHz (0.3 mm). ALMA
is able to achieve an angular resolution of 0.002” − 50”, depending on the array
configuration and observing band.

2.2.3 The Fourier Transform

The Fourier transform is a helpful tool in multiple disciplines ranging from engi-
neering to quantum mechanics, and is particularly useful in radio astronomy. As
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discussed above, radio interferometers measure the coherence of antenna pairs,
which is represented by the complex visibility function. While radio interferome-
ters cannot directly image sources as optical telescopes can, the Fourier transform
can be used to map the visibility (u, v) plane to a sky brightness distribution (l,m),
where it can be imaged and analyzed. The Fourier transform is a special case of
the Fourier series, defined by,

f (x) =
∞∑

n=−∞

Anei2πns0x, (2.5)

where the function f (x) is period with period L, and An is given by the equation,

An =
1
L

∫ L/2

L/2
f (x)ei2πns0xdx. (2.6)

.
A Fourier transform between the two functions f (x) and F(s) is defined by the

following integrals,

F(s) =
∫ ∞

−∞

f (x)e−i2πsxdx, (2.7)

f (x) =
∫ ∞

−∞

F(s)ei2πsxds. (2.8)

In this formalism, Equation 2.7 is called a forward Fourier transform, while Equa-
tion 2.8 is a backwards or inverse Fourier transform. The two-dimensional case
of the Fourier transform involves a similar formalism, but integrates over the two
variables associated with either function as was done in Equation 2.4 to transform
the complex visibilities V(u, v) into a sky brightness distribution T(l,m).

One of the most important applications of the Fourier transform in radio as-
tronomy is the convolution theorem. The convolution, or folding, function finds
the “overlap” between two functions as one function is “dragged” over the other,
resulting in a third function that expresses the “blending” of the two functions.
Formally, the convolution of two functions f (x) and g(y) is,

( f ∗ g)(x) =
∫ ∞

−∞

f (y)g(x − y)dy. (2.9)
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Figure 2.5: The cleaning process for the radio bright UCD LP 349-25, pre-
sented in the following Chapter. The “dirty” image constructed from
the sampling of points on the u − v plane. The following “clean” image
has been processed using the CLEAN algorithm in the CASA software,
which removes some of the structure of the dirty beam resulting from
artefacts of an incompletely-sampled Fourier space.

In radio astronomy, convolution is used to create an image of the sky brightness,
discussed below.
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2.2.4 Imaging in Interferometry

Interferometry works by sampling the visibility plane V(u, v) at enough points,
using individual antennas at different baselines to synthesize one large antenna that
extends to the longest baseline. One pair of antennas comprises one baseline, which
provides two samples of the (u, v) plane at a time, and an array of N antennas will
provide N(N − 1) samples at a time. The (u, v) plane can be further filled out by
making use of the Earth’s rotation to sample the (u, v) plane at many different points
over time as well as by physically moving the antennas to new configurations. The
collection of points measured in the (u, v) plane is given by the sampling function,

S(u, v) =
M∑
k=1

δk(u − uk, v − vk), (2.10)

where M is the total number of points where measurements are made. The sampled
visibility function is V(u, v)S(u, v), and can be Fourier transformed to give the
sampled sky brightness, or “dirty image”, TD(u, v). TD(u, v) can also be calculated
by convolving the sky brightnesswith the Fourier transformof the sampling function
(the dirty beam),

T(l,m) ∗ s(l,m) = TD(l,m), (2.11)

where s(l,m) is also called the point spread function or the dirty beam. Since an
image is constructed from limited sampling of points on the u− v plane, significant
noise-like structure can be introduced through convolution with the dirty beam. The
resulting dirty image resembles the original sky brightness, but retains some of the
noise-like structure of the dirty beam. While there is no unique way to deconvolve
the dirty beam from the dirty image, reliable and effective algorithms have been
developed to do so. In this work, the artefacts introduced by the dirty beam are
iteratively removed using the CLEAN algorithm (Högbom, 1974), resulting in a
“clean image”. The CLEAN algorithm assumes that the sky brightness can be
represented as a collection of point sources. It iteratively searches for the position
and strength of the brightest points in the dirty image, multiplies a fraction of those
points by the dirty beam, and subtracts that from the image, repeating until a desired
RMS is reached. All of the observational CLEANing imagining in this thesis was
done using the Common Astronomy Software Application (CASA), a software
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Figure 2.6: The structure of VLA observations, as set up with their Observing
Tool. The startup overhead has a fixed time of approximately seven
minutes to slew from a previous observing target to the locations of the
gain calibrator - usually a quasar with known flux - as well as account
for delays due to wire wrapping in the antennas. The following set of
calibrations, including pointing, flux, bandpass, and requant are usually
done on the gain calibrator, but the phase calibrator can be used as well.
If the observations are long enough, an additional flux calibration may
be needed to break up observing scan loops as atmospheric conditions
may change.

package used to calibrate and analyze radio data for ALMA and the VLA. This is
shown in Figure 2.5 for the UCD LP 349-25, discussed further in the following
chapter.

Both ALMA and the VLA have a calibration process designed to correct for
instrumental and atmospheric conditions that can introduce noise into the data, as
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well as measure the absolute flux of a known source. The absolute flux calibration
is performed by choosing from a short list of very bright quasars (and sometimes
additional Solar System objects for ALMA) that have well-known and monitored
brightness at the frequency of observations. This is used to scale the relative
amplitudes of the science target to an absolute value. Bandpass calibration solves
for timing variations in the phase and amplitude of the signals arriving at each
antenna in the array, and can be performed on the same source chosen for the
absolute flux calibration or a different source with well-known brightness at the
observing frequency. The observations of the science target are done by slewing
between the target itself and a nearby gain calibrator that measures the amplitude
and phase of a known source. Unlike the flux or bandpass calibrators, the gain
calibrator must be located very close to the science target (<15◦ depending on
observing frequency) to minimise the time taken to slew between the science target
and gain calibrator and account for atmospheric conditions in the pointing direction
of the science target.
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Chapter 3

Ultracool Dwarf Radio Emission

This chapter is based on an ApJ submission (Hughes et al., 2021). It uses ALMA
and VLA observations of five ultracool dwarfs to measure the strength of radio
emission or place upper limits in the case of a non-detection. Co-authors on this
paper include Aaron Boley, Rachel Osten, Jacob White, and Marley Leacock.

3.1 Introduction
A large part of my work involved examining the radio emission of a sample of
five UCDs at 30-100 GHz frequencies. For typical UCD magnetic field strengths,
emission due to both the electron cyclotron maser (Chapter 1.5.3) and gyrosyn-
chrotron radiation (Chapter 1.5.5) is expected to peak in the 1 − 10 GHz range
for the expected magnetic field strengths. Coherent emission from ECMI drops
off steeply at frequencies outside this range, while gyrosynchrotron emission trails
off slowly and remains detectable at higher frequencies. This survey consists of
observations of five UCDs, three of which were observed with ALMA at 97.5 GHz
and one observed with the VLA at 33 GHz.

As discussed, UCDs are among the most common stellar objects in the Milky
Way (Henry et al., 2006), yet due to their faintness they are difficult to study. Early
predictions of UCDmagnetic activity and radio emission indicated that they should
be magnetically inactive due to their fully convective interiors, and the Güdel-Benz
relation suggests that they should be radio faint. However, high sensitivity radio
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telescopes such as the VLA and the late Arecibo observatory have revealed that
about 10% of UCDs are bright at radio frequencies (Antonova et al., 2013; Route
and Wolszczan, 2016; Lynch et al., 2016; Berger, 2006), and strong magnetic fields
up to kG strength have been measured in UCDs (Reiners and Basri, 2006; Reiners,
2009; Reiners and Basri, 2010). UCDs occupy the mass range in the transition
between giant planets and stars, and observations indicate that radio loud UCDs are
capable of behaving like either (Berger et al., 2001; Berger, 2006; Hallinan et al.,
2006; McLean et al., 2012; Williams et al., 2015), by producing auroral ECMI
emission similar to what is seen from Solar System planets or synchrotron and
gyrosynchrotron radiation akin to what is seen in stars.

Both emission mechanisms peak near the cyclotron frequency, leading to some
potential conflation between the two. Observations at high radio frequencies above
the threshold for ECMI emission can uniquely pick out emission due to gyrosyn-
chrotron radiation. These observations are useful to (a) determinewhether gyrosyn-
chrotron radiation is present in the target, (b) determine the strength and spectral
index of the emission, and (c) use those results to inform theoretical models of UCD
magnetic activity.

The emission mechanism(s) of radio loud UCDs has implications for the mag-
netic field generation in these objects, as different dynamo models may be needed
to explain each emission scenario. For example, Williams et al. (2014) suggest
a model wherein the magnetic field topology itself causes frequent reconnection
events and corresponding radio emission. On the other hand, the presence of
auroral emission could suggest a global dipolar magnetic field (Kao et al., 2016;
Pineda, 2017; Berdyugina et al., 2017), in which the co-rotation breakdown be-
tween magnetospheric plasma and the UCD magnetic field enables electrons to
drift along electromagnetic currents (Cowley and Bunce, 2001) as discussed for
ECMI emission in Chapter 1. Both situations could occur simultaneously, with a
global dipolarmagnetic field producing auroral emission and localized reconnection
events producing gyrosynchrotron radiation.

UCDs are likely to have a high occurrence rate of terrestrial planets (Dressing
and Charbonneau, 2015). This presents a different possibility for the origin of
ECMI emission; planets in orbit around UCDs may be capable of inducing auroral
radio emission analogous to Io around Jupiter (Turnpenney et al., 2018). However,
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should gyrosynchrotron emission and the corresponding reconnection events also
be present, then the stability of planetary atmospheres could be threatened by the
outgoing energetic particle flux (Segura et al., 2010; Tilley et al., 2017).

In this chapter, I present high radio frequency observations (30 − 100 GHz)
of five UCDs. Prior to this work, the only UCD to be detected in this frequency
range was TVLM 513-46546, which Williams et al. (2015) found to have 95 GHz
emission consistent with gyrosynchrotron radiation. The results of this analysis
revealed that only two of the five targets are radio quiet over the course of the
observations, while the remaining three were radio bright with emission similar to
that of TVLM 513-46546. The detected UCDs represent the second through fourth
UCDs found to emit at millimetre wavelengths.

3.2 Observations and Results
In this section, I discuss each of the five targets used in this study along with the
corresponding observations. The results and target properties are reported in Table
4.2.

The UCDs in this survey have a range of characteristic, including both high and
low v sin i, with rates ranging from around 9 to over 80 km s−1.
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Property LP 349-25 AB LSR J1835+3259 NLTT 33370 LP 415-20 LP 423-31

Spectral Type M8(1) M8.5(5) M7(7) M9.5(10) M711

Mtot (M�) 0.120+0.008
−0.007

(2) 0.050 ± 0.0038(6) 0.179+0.055
−0.062

(8) 0.09 ± 0.06 0.010 ± 0.003(12)

Distance (pc) 10.3±1.70(3) 5.67 ± 0.02(5) 16.39 ± 0.75(7) 21 ± 5(10) 10.7 ± 0.3(12)

Age (Myr) - 22 ± 4(6) ∼ 30 − 200(8) - -

Teff (K) - 2800 ± 30(6) 3200 ± 500(8) 2600 ± 100(10)
-3100 ± 500(8) 2400 ± 100(10)

v sin i (km s−1)
55 ± 2(4) 50 ± 5(6) 45 ± 5(9) 44 ± 4(4) 9.0 ± 2(11)
83 ± 3(4) 36 ± 4(4)

Obs Frequency (GHz) 97.5 97.5 97.5 97.5 33.0

Flux (µJy) 70 ± 15 114 ± 21 604 ± 61 < 20 < 30

Table 3.1: Properties of ultracool dwarfs presented in this work, including
combined spectral type, total mass (Mtot), stellar distance, stellar age,
effective temperature (Teff), and v sin i, frequency of the observations ν
(GHz), and observed flux (µJy). References: (1) Gizis et al. (2000) (2)
Konopacky et al. (2010) (3) Schmidt et al. (2007) (4) Konopacky et al.
(2012) (5) Reid et al. (2003) (6) Berdyugina et al. (2017) (7) Lépine et al.
(2009) (8) Schlieder et al. (2014) (9) McLean et al. (2011) (10) Siegler
et al. (2003) (11) Reiners and Basri (2010) (12) Cruz et al. (2003).

LP 349-25, LSR J1835+3259, and NLTT 33370 are detected and exhibit bright
radio emission at 97.5 GHz. All three of these targets were also detected at lower
radio frequencies in previous studies (e.g., Phan-Bao et al., 2007; Hallinan et al.,
2008; McLean et al., 2011). In contrast, the observations of LP 423-31 and LP
415-20 yield null detections at 97.5 GHz and 33 GHz, respectively. LP 423-31
had been previously observed at 8.46 GHz, which also resulted in a null detection,
while there are no previous radio observations of LP 415-20. For both targets, I
used the non-detections to place upper limits on the radio fluxes.

3.2.1 LP 349-25

LP 349-25 is a spectroscopic binary of spectral types M8 and M9 and combined
spectral type M8.5, with rapid rotation speeds of 55 ± 2 and 83 ± 3 km s−1,
respectively (Konopacky et al., 2012). It was previously detected at 8.46 GHz by
Phan-Bao et al. (2007) at a flux density of 365 ± 16 µJy, and at 5 GHz with a flux
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Figure 3.1: All detected UCDs. The visibilities are phase-shifted to account
for the proper motion. LP 349-25 has peak flux of 70 µJy with RMS of
9 µJy, LSR J1835+3259 has a peak flux of 114 µJy with RMS 18 µJy,
and NLTT 33370 has a peak quiescent flux of 604 µJy with RMS 7.3
µJy. The synthesized beam is denoted by the black ellipse in the bottom
left of each image.

densities of 329 ± 38 µJy by Osten et al. (2009) and by McLean et al. (2012) at
323 ± 14 µJy, also at 8.46 GHz.

The archival ALMA Cycle 4 observations (ID 2016.1.00817.S), were centered
on J2000 coordinates RA=00h 27m 55.99s δ = +22d 19m 32.80s, where δ in this
context refers to the declination of the source. The data were taken in 3 execution
blocks (EBs) from 2016October 22 to 2016 November 6 for a total of 2 hr on-source
(2.9 hr including overhead). There were 45 antennas used with baselines ranging
from 15 m to 500 m.

The Band 3 observations have a total bandwidth of 8 GHz split among 4
spectral windows (SPW), or sub-bands of the total observing bandwidth. Each
SPW has 128 × 15.625 MHz channels. The SPWs are centred at 90.4 GHz,
92.4 GHz, 102.5 GHz, and 104.5 GHz, giving an effective continuum frequency
of 97.5 GHz. The data were reduced using CASA 5.4.1 (McMullin et al., 2007),
which included water vapour radiometer (WVR) calibration; system temperature
corrections; flux and bandpass calibration with quasar J0423-0120; and phase
calibration with quasar J0431+1731. The average precipitable water vapour (PWV)
was 2.08 mm throughout the observations.

I generated CLEANed images using the CASA task tclean, natural weighting
down to a threshold of the RMS noise, and a cell size of 1/10 the beam size. These
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ALMA 97.5 GHz observations achieve an RMS sensitivity of 9 µJy beam−1 as
measured from the CLEANed image away from the source. The synthesized beam
is 0.82” × 0.62” at a position angle of 28.3◦, corresponding to 7 au at the system
distance of 10.3 ± 1.70 pc (Schmidt et al., 2007).

From the CLEANed image, I measured a 97.5 GHz flux density of 70 ± 9 µJy.
The data were subsequently split by observing scan, and both the flux density and
RMS of each scan were taken using uvmodelfit to generate a time series. No flaring
activity was seen over the course of the observations.

3.2.2 LSR J1835+3259

LSR J1835+3259 is a brown dwarf of spectral type M8.5 (Reid et al., 2003) with
a rapid rotation speed of v sin i = 50 ± 5 km s−1 known to be variable across
multiple wavelengths. It has been detected at 8.44 GHz with both quiescent, largely
unpolarized emission and 100% circularly polarized bursting emission, with an
average flux density of 722±15µJy and variable emission reaching up to 2500 µJy
(Hallinan et al., 2008).

The archival ALMA Cycle 4 observations (ID 2016.1.00817.S), were centered
on J2000 coordinates RA = 18h 35m 37.88s, δ +32d 59m 53.31. The data were
taken in 2 EBs from 2016 November 6 to 2016 December 1 for a total of 1 hr
on-source (2 hr including overhead). There were 40 antennas used with baselines
ranging from 15 m to 460 m.

The Band 3 observations have a total bandwidth of 8 GHz split among 4
SPWs. Each SPW has 128 × 15.625 MHz channels. The SPWs are centered at
91.5 GHz, 93.4 GHz, 101.5 GHz, and 103.5 GHz, giving an effective continuum
frequency of 97.5 GHz. The data were reduced using CASA 4.7.2, which included
WVR calibration; system temperature corrections; flux and bandpass calibration
with quasar J2025+3343; and phase calibration with quasar 3 J1848+3219. The
average PWV was 2.53 mm throughout the observations.

I generated CLEANed images using the CASA task tclean, natural weighting
down to a threshold of the RMS noise, and a cell size of 1/10 the beam size. These
ALMA 97.5 GHz observations achieve an RMS sensitivity of 18 µJy beam−1 as
measured from the CLEANed image away from the source. The size of the resulting
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synthesized beam is 2.85” × 1.18” at a position angle of −41.8◦, corresponding
to 12 au at the system distance of 5.6875 ± 0.0005 pc (Gaia Collaboration et al.,
2018). From the CLEANed image, I measure a 97.5 GHz flux density of 114 ± 18
µJy. The data were subsequently split by observing scan, and both the flux density
and RMS of each scan were taken using uvmodelfit to generate a time series. No
flaring activity was seen over the course of the observations.

3.2.3 NLTT 33370

NLTT 33370AB (originally LSPM J1314+1320) is a resolved binary of combined
spectral type M7.0e (Law et al., 2006; Lépine et al., 2009; Forbrich et al., 2016).
This magnetically active system has been well-studied relative to other UCDs due
to its brightness. Although the system is binary, I refer to it as NLTT 33370 for
ease of reading.

NLTT 33370 has been detected with short, polarized bursts and quiescent,
largely unpolarized radio emission, both of which are brighter than that observed in
any other UCD. Quasi-quiescent emission was detected with the VLA at 8.46 GHz
with flux density of 1156 ± 15 µJy and at 22.5 GHz with flux density of 763 ± 84
µJy (McLean et al., 2011). It was subsequently detected in a multi-wavelength
study by Williams et al. (2015), exhibiting both quasi-periodic steady emission and
flaring radio emission. These studies found that the steady emission was circularly
polarized andmodulated sinusoidally with a period of 3.89±0.05 hr. Williams et al.
(2015) further found an additional unpolarized component in one of their two VLA
monitoring campaigns. The observations are interpreted to include a combination
of flaring due to the ECMI and stable emission due to gyrosynchrotron radiation.

The archival ALMA Cycle 2 observations (ID 2013.1.00976.S), were centered
on J2000 coordinates RA = 13h 14m 20.38s, δ = +13d 18m 58.34. The data were
taken in 4 execution blocks (EBs) from 2015 June 10 to 2015 June 12 for a total
of 2.7 hr on-source (4.8 hr including overhead). There were 38 antennas used with
baselines ranging from 25 m to 820 m.

The Band 3 observations have a total bandwidth of 8 GHz split among 4 SPWs,
each with 64×31.25 MHz channels. The SPWs are centred at 90.5 GHz, 92.4 GHz,
102.5 GHz, and 104.5 GHz, giving an effective continuum frequency of 97.5 GHz.
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The data were reduced using CASA 4.7.0, which included WVR calibration; system
temperature corrections; flux and bandpass calibration with quasar J1229+0203;
and phase calibration with quasar J1347+1217. The average PWV was 0.71 mm
throughout the observations.

I generated CLEANed images using the CASA task tclean, natural weighting
down to a threshold of the RMS noise, and a cell size of 1/10 the beam size. These
ALMA 97.5 GHz observations achieve an RMS sensitivity of 9 µJy beam−1 as
measured from the CLEANed image away from the source. The size of the resulting
synthesized beam is 1.58” × 1.04” at a position angle of −44.8◦, corresponding to
22 au at the system distance of 16.39 ± 0.75 pc (Lépine et al., 2009). A 10-second
flare (Fig. 3.2) was also captured during these observations, with a peak flux
of 4880 ± 360 µJy from the CLEANed image using only the visibilities measured
during the flare. From the CLEANed image using data that omit the flare, I measure
a 97.5 GHz quiescent flux density of 604 ± 7.3 µJy.

NLTT 33370 Flare

The origin of the NLTT 33370 burst is unclear, but consistent with previous obser-
vations of the system at lower frequencies. NLTT 33370 was found by Williams
et al. (2015) to have both bursts and quiescent flux modulated with two distinct pe-
riodicities of 3.7859 ± 0.0001 and 3.7130 ± 0.0002 hr, slightly less than the stellar
rotation period of 3.9 hr (McLean et al., 2011). I did not observe the flare to recur
with either of these periods over the course of the rest of the observations. ECMI
bursts due to auroral emission are expected to occur with the stellar rotation period.
Unfortunately, none of the on-source observing blocks corresponded to a 3.9 hour
interval from the time of the burst. Given the presence of quiescent emission at 97.5
GHz, the burst could be associated with gyrosynchrotron radiation released during
a major flare. Long-term monitoring of NLTT 33370 at high radio frequencies is
necessary to determine if such emission is quasi-periodic or stochastic.

The time-series of the flare (Figure 3.2) was generated by using the CASA task
“split” to divide the observations into smaller time chunks, creating individual,
short-term observations that are then used to create a light curve.
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Figure 3.2: Time series of all NLTT 33370 observations presented in this
work, including time on June 10th and June 12th, 2015. The data set
was split into 30 s bins, and the peak flux and RMS were taken using the
CASA task uvmodelfit. The two panels show the light curves of each day,
while the overlayed plot shows the June 12 flare that reached a peak flux
of 4880± 360 µJy. Due to the gaps in the data, it is unclear whether this
flare repeats with the stellar rotation.

3.2.4 LP 415-20AB

LP 415-20AB is a resolved binary with spectral types M7(A) and M9.5(B) and
high v sin i of 40 ± 5 and 37 ± 4 km s−1, respectively (Konopacky et al., 2012).
The presence of two UCDs with rapid rotation suggests that this system should be
a radio emitter; however, I see no evidence of emission throughout the duration of
my observations.

The ALMA Cycle 6 observations (ID 2018.1.01088.S, PI Hughes) presented
here were taken in 3 EBs from 2019 January 8 to 2019 January 21 for a total of 2 hr
on-source (2.7 hr including overhead). There were 58 antennas used with baselines
ranging from 15 m to 500 m.

These Band 3 observations have a total bandwidth of 8 GHz split among 4
SPWs, each with 128× 15.625 MHz channels. The SPWs are centred at 90.5 GHz,
92.4 GHz, 102.5 GHz, and 104.5 GHz, giving an effective continuum frequency
of 97.50 GHz. The data were reduced using CASA 5.4.1, which included WVR
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calibration; system temperature corrections; flux and bandpass calibration with
quasar J0423-0120; and phase calibration with quasar J0431+1731. The PWV
ranged from 2.9 mm to 5.9 mm throughout the observations.

I generated CLEANed images using the CASA task tclean, natural weighting
down to a threshold of the RMS noise, and a cell size of 1/10 the beam size. These
ALMA 97.5 GHz observations achieve an RMS sensitivity of 6.7 µJy beam−1 as
measured from the CLEANed image. The size of the resulting synthesized beam
is 3.26” × 2.91” at a position angle of 30.1◦, corresponding to 65 au at the system
distance of 21 pc. It was a 97.5 GHz non-detection of LP 415-20AB with a 3 σ
upper level flux limit of 20 µJy measured from the CLEANed image.

LP 423-31

LP 423-31 is an M7 star with a relatively low rotation rate of 9 km s−1 and strong
magnetic field of 3500+400

−600 G (McLean et al., 2011; Reiners and Basri, 2010).
Berger (2006) placed an upper flux limit of < 39 µJy using VLA observations at
8.46 GHz. This star is expected to be radio silent given the existing trends and
models in UCD radio emission, but confirmation is needed.

The observations were taken during the VLA Semester 18B (ID VLA-18B-241,
PI Hughes) over 2 scheduling blocks (SBs) on 2018 December 12 for a total of 12.8
minutes on-source (35.5 min including overhead). Data were acquired with the
array in the C antenna configuration, with 26 antennas and baselines ranging from
35 m to 3400 m.

The instrument configuration uses the Ka band receiver with a correlator setup
consisting of 7808 × 1 MHz channels for a total bandwidth of 7.8 GHz. Four
separate basebands are included with rest frequency centres at 30 GHz, 32 GHz,
34 GHz, and 36 GHz giving an effective continuum frequency of 33.0 GHz. The
quasar J0750+1231 was used for gain and phase calibration and quasar 3C286 was
used as a bandpass and flux calibrator. Data were reduced using the CASA 4.7.2

pipeline, which included bandpass, flux, and phase calibrations.
I generated CLEANed images using the CASA task tclean, natural weighting

down to a threshold of the RMS noise, and a cell size of 1/10 the beam size.
These VLA 33 GHz observations achieve an RMS sensitivity of 10 µJy beam−1
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as measured from the CLEANed image. The size of the synthesized beam is
0.86” × 0.72” at a position angle of 40.7◦. The beam size corresponds to 8 au at
the system’s distance of 10.3 ± 1.7 pc (Konopacky et al., 2012). It was a 33 GHz
non-detection of LP 423-31 with a 3σ upper level flux limit of 30 µJy measured
from the CLEANed image. The lack of emission at high radio frequencies of a
slowly rotating UCD observed to be radio-quiet at lower frequencies is consistent
with emerging trends in UCD radio emission that indicate rapid rotators are more
likely to be radio bright, and that all UCDs active at high radio frequencies are also
active at low radio frequencies.

3.3 Discussion
The five UCDs presented in this chapter have a range of properties, including
low/high v sin i value, binarity, and detection/non-detection at low radio frequen-
cies, making them a good selection for probing trends in high radio frequency
emission. LP 349-25, LSR J1835+3259, NLTT 33370, and LP 423-31 have all
been observed at lower radio frequencies. LSR J1835+3259, LP 349-45 and NLTT
33370 have been observed multiple times in the 1-10 GHz range where radio
emission is expected to peak for typical magnetic field strengths. In all cases the
observations were separated by years, suggesting that the low radio frequency emis-
sion is steady over multi-year timescales. LP 423-31, however, has been detected
in some 8.46 GHz observations (Stelzer et al. in prep, private communication) and
not detected in others (Berger, 2006). Altogether, I find that all three UCDs that
are consistently active at low radio frequencies are also active at high radio fre-
quencies, where ECMI emission is cut off. Furthermore, if the emission is largely
due to ECMI, then there could be some level of circular polarisation present in the
ALMA data. In principle, this would provide an additional metric to disentangle
the emission mechanisms. Unfortunately, these data were taken in earlier ALMA
cycles when polarisation calibration was unreliable so no conclusive determination
on the presence of polarisation during the observations can be made. However, the
inferred spectral indices and strength of emission at these high frequencies suggest
that gyrosynchrotron radiation is active in all the detected UCDs. A larger sample
of UCDs must be observed in this range to determine whether this small sample is
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representative of radio emitting UCDs as a whole.
The measurements at different frequencies can be used to estimate a spectral

index α such that Fν ∝ να for flux density Fν (Fig 3.3). Moreover, if gyrosyn-
chrotron radiation is responsible for the detections, then the spectral indices can
be related to an electron energy distribution following Dulk and Marsh (1982).
LSR J1835-46546 and LP 349-25 have spectral indices of α = −0.76 ± 0.07 and
α = −0.52 ± 0.06, respectively, which are consistent with optically thin gyrosyn-
chrotron radiation. NLTT 33370 is best fit by a spectral index of α = −0.29± 0.04,
slightly more shallow than what would be expected for gyrosynchrotron or syn-
chrotron radiation. Using the relation between α and δ for gyrosynchrotron radia-
tion (defined in Chapter 1.5.5), I calculate a common electron index of δ ≈ 2, with
individual values ranging from 2.20±0.08 to 1.68±0.05. Also plotted in Figure 3.3
are ECMI profiles of Jupiter and Saturn, shifted to the peak flux and frequency of
NLTT 33370, which illustrate the sharp cutoff of ECMI with increasing frequency
compared with gyrosynchrotron radiation.

The three detected UCDs share two key characteristics: reliably detectable
emission at 8.46GHz and rotation speeds far in excess of the ad hoc 40 km s−1 cutoff,
where radio emission becomes much more likely (McLean et al., 2011; Pineda,
2017). Previous detections of radio emission from UCDs are generally focused on
characterizing the ECMI component (Hallinan et al., 2008), however, the detections
presented in this chapter are attributable to gyrosynchrotron radiation. The emission
from LSR J1835+3259 and LP 349-25 ABwas quiescent over the respective 1-hour
and 2-hour observations, with no evidence of flaring or variability. While the
emission of NLTT 33370 was mostly quasi-quiescent, the June 12 observations
included a massive 20-second burst, with emission over 5 times brighter than the
quiescent flux.

The other UCDs in the sample, LP 415-20 and LP 423-31 were not detected. I
place 3σ upper flux density limits of 21 µJy and 30 µJy, respectively. LP 415-20
has not been previously observed at low radio frequencies, but its high v sin i makes
the non-detection surprising compared with the other targets and is an important
target for follow up. While I did not detect emission at 33 GHz, the slowly rotating
LP 423-31 has been observed to have variable and highly polarized emission at 8
GHz (Stelzer et al. in prep, private communication). Taking into account previous
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Figure 3.3: Radio emission profiles of all three detected UCDs are shown.
The kilometric radiation profiles of Jupiter and Saturn adapted from
Zarka (1998) are plotted in blue and green, scaled to the peak flux and
frequency of NLTT 33370, whereas the dotted lines correspond to fitted
gyrosynchrotron models. The spectral indices of LP 349-25 and LSR
J1835-46546were determined by connecting the two existing data points
for each UCD, and were α = −0.52 and α = −0.76, respectively.

observations at lower frequencies, the lack of 33 GHz emission might suggest that
ECMI is present in this object and quiescent gyrosynchrotron is weak or not present
at all. However, because previous observations by Berger (2006) at 8.46 GHz have
also reported non-detections, additional observations of this target are required to
confirm whether it is also variable at high radio frequencies and possibly inactive
over the course of the 35 minute observations presented in this work.
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Estimating the Size of the Emitting Region

The measured flux can be used to estimate the size of the emitting region in units
of Jupiter radii (RJ). Assuming the low frequency limit of hν << kBT , which is
valid for the frequency of observation, the Rayleigh-Jeans law can be rearranged to
give,

XRJ ≈ 1400
dpc

νGHz

√
SµJy

Tb
, (3.1)

where dpc is the stellar distance, νGHz is the observing frequency, SµJy is the flux
density, and Tb is the brightness temperature. In the transition region between
optically thick and thin regimes, or at the peak emission frequency where τ ≈ 1,
the brightness temperature is roughly equal to the effective temperature of gyrosyn-
chrotron emission (Equation 1.41). In the case of an isolated source with constant
effective temperature, the brightness temperature can be related to the effective
temperature by Tb = (1− e−τ(ν))Teff, where τ(ν) is the optical depth. This gives the
size of the emitting region in the optically thin regime,

XRJ ≈ 1400
dpc

νGHz

√
SµJy

(1 − exp−τ(ν))Teff
. (3.2)

The precise value of the optical depth for gyrosynchrotron emission depends crit-
ically on the angle between the magnetic field, the line-of-sight to the observer
(Zheleznyakov, 1970), and the frequency of observations.

The size of the emitting region is plotted against magnetic field strength for
all three UCDs in Figure 3.3. The solid lines are determined from the previously
published∼ 8.5GHzfluxdensities of allUCDs. The emitting region is calculated by
following Equation 3.1, where I am assuming the observations are at approximately
the peak emission frequency where τ ≈ 1 and Tb → Teff. Taking the average
UCD radius to be that of Jupiter (Sorahana et al., 2013), these results show that
LP 349-25 and LSR J1835+3259 have emitting regions ranging between the full
stellar disc at large magnetic field strengths (∼ 2000 G) to a fraction of the stellar
disc for low magnetic field strengths. The dotted curves are set assuming the 97.5
GHz flux densities are from regions where τ >> 1. This provides a lower limit
to the size of the emitting region, although we anticipate that the actual size of
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the emitting region is closer to that given by the 8.5 GHz observations. Indeed,
the higher frequency observations are expected to be from optically thin emission,
which would require an optical depth of τ ≈ 0.0001 should the 8.5 GHz and 97.5
GHz emission be from the same regions.

The values spanned by this range are consistent with observations of M stars
that show significant portions of the disc covered with magnetically active regions
(Alekseev and Kozlova, 2002; Johns-Krull and Valenti, 1996), showing a magnetic
filling factor - or fraction of surface covered by magnetically active area - signifi-
cantly higher than Solar values (which are typically <1%). The emitting region for
NLTT 33370 is larger than the stellar disc for magnetic field strengths > 100G. This
enhanced emitting region is possibly owing in part to the binarity of the system. If
both NLTT 33370 A and NLTT 33370 B are radio loud, then the inferred size of
the emitting region includes contributions from both stellar discs and accounts for
an additional factor of up to

√
2, but cannot explain the predicted emitting region of

NLTT 33370 for magnetic field strengths of ∼ 170 G. If the magnetic field strength
exceeds this value, the size of the emitting region could be enhanced by the effect
of a companion, prompting a significantly larger magnetosphere.

As discussed in Chapter 1.5.5, gyrosynchrotron radiation is likely produced
by magnetic reconnection events. In that case, quasi-quiescent gyrosynchrotron
radiation as is seen in these observations could be the result of small but con-
stant reconnection events due to the twisting and tangling of UCD magnetic fields
(Williams et al., 2014). If these reconnection events are similar to Solar recon-
nection events, they are also likely releasing an outward-directed population of
energetic particles, which may have catastrophic effects on planetary atmospheres.
A full discussion on energetic particles and planetary habitability is presented in
Chapter 5. If gyrosynchrotron radiation is indeed produced by reconnection events
and is commonplace around the 10% of UCDs that are radio loud, then it could be
indicative of high energetic proton fluxes incident on surrounding planets. Thus,
its presence might be an important consideration for modeling of exoplanet atmo-
spheres in orbit around such UCDs. These results also show that if both ECMI and
gyrosynchrotron radiation are present in the same target, there must be a magnetic
dynamomechanism that combines the two seemingly at-odds models of UCDmag-
netic field generation: large scale, axisymmetric dynamos consistent with ECMI
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Figure 3.4: The size of the emitting region for a given magnetic field strength
for all detected UCDs. The solid curves show the size of the emitting
region given ∼ 8.5 GHz flux density of each UCD, assuming this is in
the transition region where τ = 1. The dotted line at the bottom denotes
the minimum size of the emitting region set by assuming the 97.5 GHz
observations are in the optically thick regime where Tb = Teff . The size
of the emitting region is given in Jupiter radii RJ, characteristic of UCD
sizes, while the magnetic field range is chosen to be representative of
Solar to typical UCD values. Note that all y-scales are plotted logarith-
mically and the y-scale for NLTT 33370 extends to larger values than the
other UCDs, potentially at least partially owing to contributions from
both stars in this binary system or to enhanced magnetospheres due to a
companion.

and a non-axisymmetric chaotic fields with breaking and reconnecting magnetic
field lines.

There are a few consequences for planets in orbit about UCDs. If the gyrosyn-
chrotron radiation is produced by reconnection events, then the resulting energetic
particle flux can threaten the stability of planetary atmospheres. If these detections
are instead indicative of synchrotron radiation (Pineda, 2017; Kao et al., 2019), ra-
diation belts could create a plasma environment around the UCD that would require
robust planetary magnetic fields for the atmospheres to be stable. Assuming that
gyrosynchrotron radiation is the dominant emissionmechanism, non-detections can
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be used to limit the population of outgoing high-energy protons during potential
reconnection events for this scenario. This is explored further in Chapter 5.

3.4 Summary
In this chapter I presented ALMA and VLA observations of five UCDs at radio
frequencies from 30 to 100 GHz, where gyrosynchrotron radiation is the preferred
emission mechanism. Three UCDs in the survey were found to be active at 97.5
GHz, whereas two were not detected at 33 GHz (LP 423-31) or 97.5 GHz (LP 415-
20). This survey quadrupled the number of UCDs detected within this frequency
range, with spectral indices ranging from α = −0.76 to α = −0.29, most consistent
with optically thin gyrosynchrotron emission. NLTT 33370 exhibits both minor
temporal variability and a strong flare twenty times brighter than the quiescent
emission.

Of the non-detections, LP 415-20 is a very rapid rotator that has not previously
been observed at radio frequencies. My observations at 33 GHz show it to be radio
quiet, consistent with most UCDs but potentially at odds with other rapidly rotating
UCDs. LP 423-31 exhibited no detectable high radio frequency emission during
the observations. This particular source has been observed twice previously, one
of which resulted in a detection (Stelzer et al. in prep, private communication) and
the other in a non-detection (Berger, 2006) at low radio frequencies. The presence
of variable emission at low radio frequencies and the lack of detectable quiescent
emission at high radio frequencies is suggestive of ECMI. However, the low v sin i,
uncommon of radio bright UCDs via either emission mechanism, of this source
muddles this picture.

These results both suggest that gyrosynchrotron radiation may be ubiquitous in
radio loud UCDs, and show the need to observe a larger sample at these frequencies
to build meaningful statistics. The presence of gyrosynchrotron emission may
indicate that the planetary atmospheres are exposed to damaging energetic particle
radiation.
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Chapter 4

TRAPPIST-1

This chapter is based on an MNRAS publication (Hughes et al., 2019). It uses
ALMA and VLA observations of TRAPPIST-1 to place upper limits on the millimetre
flux density of the star. Co-authors on this paper include Aaron Boley, Rachel Osten,
and Jacob White.
This chapter also makes use of VLA observations of TRAPPIST-1 to monitor the
star for evidence of variability, currently in prep. for publication.

4.1 Background
TRAPPIST-1 (2MASS J23062928-0502285) is an M7.5e star originally discovered
by the Two Micron All-Sky Survey in 1999 (Gizis et al., 2000). At a distance of
12.43 ± 0.02 pc (Kane, 2018), luminosity of 5.22 ± 0.19 × 10−4 L�, and radius of
0.121±0.003 R� (Van Grootel et al., 2018), TRAPPIST-1 is not visible to the naked
eye. Both its size and its absence of lithium absorption (Reiners and Basri, 2010)
indicate that TRAPPIST-1 is a main sequence M dwarf and not a brown dwarf.
Furthermore, Reiners and Basri (2010) used FeH absorption lines to determine a
surface magnetic field of 600+200

−400 G. Additional properties are listed in Table 4.1.
The star became the centre of attention when it was discovered to be orbited by a
system of seven short-period terrestrial planets (Gillon et al., 2017).

In 2015, TRAPPIST-1 was first found to host just three terrestrial planets. This
initial discoverywasmadewith TRAPPIST (TRAnsiting Planets and PlanestIsimals
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Table 4.1: Stellar Parameters of TRAPPIST-1 taken from the literature.

Parameter Value Reference
Mass [M�] 0.089 ± 0.006 Van Grootel et al. (2018)
Radius [R�] 0.121 ± 0.003 Van Grootel et al. (2018)
Teff [K] 2516 ± 41 Delrez et al. (2018)
Prot [d] 3.295 ± 0.003 Vida et al. (2017)
v sin i [km s−1] <2.0 Reiners et al. (2018)
B [G] 600+200

−400 Reiners and Basri (2010)
Lx [ erg

s ] 3.8 − 7.9 × 1026 Wheatley et al. (2017)
Age [Gyr] 7.6 ± 2.2 Burgasser and Mamajek (2017)
d [pc] 12.43 ± 0.02 Kane (2018)

Small Telescope), a 60 cm telescope at the La Silla Observatory. The TRAPPIST
telescopewas given the primary objective of detecting and characterizing exoplanets
after Gillon et al. (2016) discovered three planets in orbit around TRAPPIST-1 by
observing the small star for a total of 245 hours over the course of 92 days in late
2015. An additional four planets were discovered in 2017 by Gillon et al. (2017)
using the Spitzer Space telescope.

The planetary masses were estimated from transit timing variations - small
temporal changes in planetary orbits caused by the gravitational pull of planets on
one another. All planets in the system were determined to have masses between
0.4 and 1.4 MEarth. Using both 1-dimensional and 3-dimensional climate model-
ing, Gillon et al. (2017) show that the TRAPPIST-1 e, f, & g all likely have the
appropriate surface temperatures for liquid water, whereas the inner TRAPPIST-1
planets TRAPPIST-1 b, c, & d are likely too close to the star to avoid a runaway
greenhouse effect, and the orbit of TRAPPIST-1 h is likely too distant for it to
maintain an equilibrium temperature above 273 K. Subsequent work including the
impact of vegetation on planetary albedo suggests that TRAPPIST-1 d may also be
an appropriate temperature to support liquid water (Alberti et al., 2017).

With an effective temperature of 2511±37 K (Delrez et al., 2018), the habitable
zone of TRAPPIST-1 is significantly closer to the star than for Solar type stars.
All orbits of the TRAPPIST-1 planets are within 0.06 au, with a habitable zone
encompassing TRAPPIST-1e, f, and g and the closest nominally habitable planet
located just 0.02 au from the star. Due to this proximity, the planets are likely
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tidally locked (Gillon et al., 2017), and as such they are unlikely to have intrinsic
protective magnetic fields needed to deflect incident energetic particles. Even
worse, Garraffo et al. (2017) find that all but the outermost TRAPPIST-1 planets
cross into the Alfvén surface of TRAPPIST-1’s stellar magnetosphere, where the
planets are subjected to severe space weather events. Between all of these factors,
the TRAPPIST-1 planets are particularly vulnerable to damaging stellar particle
radiation.

4.2 Introduction
The discovery of its extensive planetary system and the potential for hosting ex-
traterrestrial life made TRAPPIST-1 a high-interest star for astronomers, and a
primary target for early JWST Guaranteed Time Observing programs to investi-
gate the planetary atmospheres. Astronomers have also been particularly interested
in the stellar activity and the impacts it could have on the surrounding planets.
TRAPPIST-1 has been observed across the electromagnetic spectrum, and found
to have a photometric flare rate of 0.38 flares per day (Vida et al., 2017) and
LX/Lbol ∼ 10−4 (Wheatley et al., 2017). However, UV flares alone are not a death
sentence for life on surrounding planets, and UV emission could even aid in the
development of life (e.g., Sagan and Khare, 1971; Sarker et al., 2013; Ranjan and
Sasselov, 2016). Simulations (discussed in detail in Chapter 5) have shown that
high-energy particles, rather than flares or UV emission alone, pose the biggest
threat to the stability of planetary atmospheres. In this chapter, I use the ALMA
and VLA radio telescopes to search for evidence of gyrosynchrotron radiation as
evidence for these particles.

Gyrosynchrotron radiation released duringmagnetic reconnection events can be
used as a tracer of outgoing energetic particles. Reconnection events canmanifest in
explosive flares and bursting radio emission, or potentially in smaller but ubiquitous
reconnection events producing quiescent radio emission in the case of radio loud
UCDs (Williams et al., 2014). As discussed in Chapters 1 and 3, stellar non-thermal
emission present at frequencies between 1 and 100 GHz for typical UCD magnetic
field strengths is attributed to gyrosynchrotron radiation, which can probe stellar
activity close to the photosphere and constrain the size of radio emitting region

76



and magnetic field strength. While X-ray and γ-ray observations can determine
accelerated particle populations in Solar magnetic events, observations at high radio
frequencies where gyrosynchrotron emission is dominant are one of the only ways
to constrain the population of accelerated particles in UCDs. A flux measurement
of gyrosynchrotron radiation from a UCD can, in turn, can be used to estimate the
energetic proton flux incident on surrounding planets. A non-detection can also be
used to place upper limits and constrain particle fluxes.

In this chapter I present ALMA and VLA observations of TRAPPIST-1 at 97.5
and 44 GHz respectively, frequencies at which gyrosynchrotron radiation could
be present (Dulk, 1985), but not likely other types of significant radio emission.
Observations of UCDs at such high radio frequencies are scarce. TVLM 513-
46546 and the three detected targets presented in Chapter 3 are the only UCDs
to be detected in the 45 − 100 GHz range, with quiescent emission attributed to
gyrosynchrotron radiation (Williams et al., 2015). The aim of these observations
was to determine whether TRAPPIST-1 has comparable radio emission and tomake
a connection between that emission or upper limit and the particle flux incident on
planets. Scaling the TVLM 513-46546 flux measurements to the size and distance
of TRAPPIST-1, the expected emission would be 45 µJy at 100 GHz, and 60 µJy at
45 GHz if TRAPPIST-1 is emitting gyrosynchrotron radiation of identical strength.
The on-source observation times were chosen in order to achieve a signal-to-noise
ratio of 10 for each observation. The source was not detected at either frequency,
which I use to place upper limits on the quiescent flux of TRAPPIST-1 in both
cases, constrain the properties of any radio emitting region, and put TRAPPIST-1
in the context of UCD radio emission. In Chapter 5 I use the upper level flux to
place limits on inferred outgoing energetic proton populations from the star, and
put this in the context of planetary habitability.

4.3 Observations
The 97.5 GHz ALMA and 44 GHz VLA observations were centred on TRAPPIST-
1 using J2000 coordinates RA = 23h 06m 29.37s and δ = -05d 02m 29.03. The
data from both facilities were reduced using the Common Astronomy Software
Applications (CASA) pipelineCASAv5.1.2 (McMullin et al., 2007) and are described
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Figure 4.1: Continuum images showing the 60”×60” region around the posi-
tions of TRAPPIST-1 for my 97.5 GHz ALMA (left) and 44 GHz VLA
(right) observations. The crosses at the centres of both images indicate
the position of TRAPPIST-1. The synthesized beam is indicated by the
black ellipses in the lower left of each image. TRAPPIST-1 was not de-
tected, with RMS sensitivities of 5.34 µJy and 3.52 µJy in my VLA and
ALMA observations, respectively. The brighter of the two unresolved
bright spots in the ALMA image located to the NE of TRAPPIST-1
is likely a background object, whereas the other can be attributed to
Gaussian noise.

Table 4.2: 3σ upper flux and radio luminosity limits on TRAPPIST-1. The 6
GHz observations are from Pineda and Hallinan (2018).

Frequency [GHz] Flux [µJy] Lν,R [erg s−1 Hz−1] Ref.
6 <8.1 <1.5 × 1012 Pineda and Hallinan (2018)
44 <16.2 <3.0 × 1012 This work
97.5 <10.6 <2.0 × 1012 This work

below.

4.3.1 ALMA Observations

The ALMA Cycle 5 observations (ID 017.1.00986.S, PI Hughes) were taken in 8
executions blocks (EBs) from 2018 January 22 to 2018 January 28 for a total of
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8.83 hr including overhead and 6.41 hr on-source. There were 43 antennas used
with baselines ranging from 15 m to 1397 m.

Observations were in Band 3 with a total bandwidth of 8 GHz split among 4
spectral windows (SPW). Each SPW has 128 × 15.625 MHz channels for a total
bandwidth of 2 GHz. The SPWswere centred at 90.495 GHz, 92.432 GHz, 102.495
GHz, and 104.495 GHz, giving an effective continuum frequency of 97.50 GHz.
The data were reduced using CASA 4.7.2, which included WVR calibration; system
temperature corrections; flux and bandpass calibrationwith quasar J0006-0623; and
phase calibration with quasar J2301-0158. The precipitable water vapour (PWV)
ranged from 1.7 mm to 7.15 mm throughout the observations.

The ALMA 97.5 GHz observations have a RMS sensitivity of 3.52 µJy beam−1

as taken from the CLEANed image. The size of the resulting synthesized beam is
0.835”× 0.738” at a position angle of −86.4◦, corresponding to 10 au at the system
distance of 12.45 pc.

4.3.2 VLA Observations

The observations were taken during the VLA Semester 18A (ID VLA-18A-327, PI
Hughes) over 4 scheduling blocks (SBs) from 2018 September 4 to 13 for a total
of 8.29 hr including overhead and 7.20 hr on-source. Data were acquired with the
array in the D antenna configuration, with 26 antennas and baselines ranging from
35 m to 1030 m.

The instrument configuration used the Q band receiver with a correlator setup
consisting of 3968 × 2.0 MHz channels for a total bandwidth of 7.936 GHz. Four
separate basebands were used with rest frequency centres at 41 GHz, 43 GHz, 45
GHz, and 47 GHz giving an effective continuum frequency of 44.0 GHz. The
quasar J2323-0317 was used for gain and phase calibration and quasar 3C48 was
used as a bandpass and flux calibrator. Data were reduced using the (CASA 5.1.2)
pipeline, which included bandpass, flux, and phase calibrations.

TheseVLA44.0GHzobservations achieve aRMSsensitivity of5.39µJy beam−1

as taken from the CLEANed image. The size of the synthesized beam is 2.58” ×
1.53” at a position angle of -86.4◦. The beam size corresponds to 26 au at the
system’s distance.
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4.3.3 Null detections of TRAPPIST-1

Our 44 GHz VLA and 97.5 GHz ALMA observations were both non-detections,
with 3σ upper limits of 16.2 µJy and 10.6 µJy respectively (Table 4.2). I confirmed
that the phase centre is at the expected location of TRAPPIST-1, taking into account
proper motion.

To ensure that weak variability is not present, I analyzed each observation’s
individual scans, which are ∼4 minutes for the VLA observations and ∼ 7 minutes
for the ALMA data. I found no evidence of flaring or variability at median 3σ
upper limits of 110 µJy and 190 µJy per scan for ALMA and the VLA, respectively.

There are two unresolved bright source candidates in the ALMA image located
to the NE of TRAPPIST-1. They are absent in the VLA observations, and I was not
able to identify the object candidates in source catalogues. The brighter candidate
has a flux of 24 µJy. and the fainter has a flux of 16 µJy. This corresponds to
SNRs of 6.8 and 4.5, respectively. The significance of this is tested by producing
104 images of Gaussian noise and convolving those images with the synthesized
beam. A 4.5σ peak was found in 16% of the realisations, while a 6.8σ peak did not
occur, implying we should expect such a peak less than 0.01% of the time. Based
on this, the 6.8σ source is likely real, while the 4.5σ source may just be noise.

4.4 TRAPPIST-1 in the Context of UCD Radio Emission
Previous 6 GHz observations by Pineda and Hallinan (2018), unpublished prior to
the ALMA observations in this work, also did not detect TRAPPIST-1 with a 3 σ
upper limit of 8.1 µJy. This, along with the observations presented in this work,
demonstrates that the radio emission of TRAPPIST-1 is in line with what would be
expected given its X-ray luminosity and rotation rate.

While the observations presented in this work are at 44 and 97.5 GHz, I briefly
consider lower frequencies to provide context for further discussion of TRAPPIST-
1. The Güdel-Benz relation between the X-ray and radio luminosity of magnetically
active stars (discussed in Chapter 1) suggests that TRAPPIST-1 should be radio
quiet unless it is part of the ∼10% of radio bright UCDs that violate the GBR.
TRAPPIST-1’s position along the GBR with X-ray luminosity fromWheatley et al.
(2017) and upper limit on 6 GHz emission from Pineda and Hallinan (2018) is
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shown in Figure 1.5. At 6 GHz, the dominant emission mechanism is expected
to be ECMI as opposed to gyrosynchrotron radiation. The high radio frequency
observations presented here can better constrain the size of the emitting region and
estimate accelerated particle populations.

Despite scarce data, a few trends have been noted in UCD radio emission. There
appear to be two distinct populations of UCDs determined by X-ray luminosity and
projected rotation speed: X-ray bright and slowly rotating UCDs tend to be radio
dim, while X-ray dim and rapidly rotating UCDs are more likely to have radio
emission that exceeds the GBR (Williams et al., 2014; Cook et al., 2014). All
objects that deviate very strongly have v sin i ≥ 20 km s−1, although the reverse is
not true. This is seen in both previously published work as well as my observations
of the three UCDs presented in the previous chapter.

This bimodal behaviour is different from early- and mid- M dwarfs, which can
exhibit significant activity and correlate with the GBR. The difference could be
related to the change in magnetic field generation at the onset of full convectivity.
As discussed in Chapter 1, late-type M dwarfs are fully convective, and thus unable
to generate magnetic fields via the same mechanisms as Solar-type stars, which are
thought to rely heavily on the shear between convective and radiative layers (Spiegel
and Zahn, 1992). Prior to the development of highly sensitive radio telescopes, it
was not guaranteed that convective stars and brown dwarfs would be capable of
producing significant magnetic activity at all (Fleming et al., 2000; Linsky et al.,
1994; Reid et al., 1999). However, in some cases for which the magnetic fields
of UCDs have been measured, field strengths can reach up to kG levels (Reiners
and Basri, 2010), a thousand times stronger than that of the Sun. While UCDs are
unable to generate magnetic fields via the same mechanism as the Sun, there must
be some convective dynamo at play.

It is unclear why there are two different populations of UCDs. The UCD branch
cannot be explained through variability, as the same break is seen in simultaneous
X-ray and radio observations of UCDs (Williams et al., 2014; Berger et al., 2008a;
Williams et al., 2015), including during flares. A few models exist to explain
UCD magnetic field generation and corresponding radio emission. For example,
Hallinan et al. (2007) and Pineda (2017) argue that radio emission due to ECMI
requires global, dipolar magnetic fields. In the case of gyrosynchrotron radiation,
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Figure 4.2: The Güdel-Benz relation between X-ray and ∼ 5 − 9 GHz radio
luminosity. Blue diamond data points represent Solar flares from Benz
and Güdel (1994), green ‘x’ and blue circles represent magnetically
active F, G, & K stars (Güdel, 1992; Drake et al., 1992). Dark green
squares represent mid- to late-M dwarfs in line with the GBR (Güdel
et al., 1993), whereas the orange stars show a population of ultracool
dwarfs in violation of the GBR. Grey arrows show upper-limits on X-ray
and/or radio luminosities of UCDs. TRAPPIST-1 is shown along the
GBR with a red arrow. The upper limit in this plot uses the 6 GHz VLA
observations by Pineda and Hallinan (2018) and the X-ray luminosity
measured by Wheatley et al. (2017). Uncertainties are not plotted but
are typically within 10%. Two of the detected UCDs presented in
the previous chapter, NLTT 33370 and LSR J1835, with previously
measured X-ray luminosity are shown as well (Berger et al., 2008a;
Williams et al., 2015).
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Williams et al. (2014) propose that the magnetic field topology, rather than strength,
is responsible for the presence of radio emission. The divergence in M dwarf
behaviour would be the result of two distinct magnetic modes possible in M dwarf
populations, where late-type M dwarfs are able to inhabit either mode (Morin et al.,
2010). In this bimodal dynamo model, whichever magnetic mode a UCD has is
loosely dependent on its rotation rate (McLean et al., 2012). In the absence of
photometric light curves for most UCDs, v sin i is used rather than the rotation
period.

Slowly rotating UCDs (v sin i ≤ 10 km s−1) tend towards axisymmetric dy-
namos and strong magnetic fields (Stelzer et al., 2012), whereas rapidly rotating
UCDs (v sin i ≥ 20 km s−1) are capable of having either an axisymmetric or non-
axisymmetric dynamo and any strength field. Each dynamo creates a distinct field
topology, which determines the radio behaviour of the star.

In their model, Williams et al. (2014) posit that UCDs with axisymmetric dy-
namos have radio emission in agreement with the GBR, whereas the outlying higher
radio emission comes fromUCDswithweak non-axisymmetric dynamos. Frequent
low-energy magnetic reconnection events due to the tangled multi-polar fields in
non-axisymmetric dynamos accelerate electrons along field lines, producing both
quiescent and bursting gyrosynchrotron emission at radio frequencies (Berger et al.,
2008a).

I find TRAPPIST-1 to be consistent with the trends seen in other UCDs. With
v sin i < 6 km s−1 and Lx ∼ 1026 erg s−1, it is expected to have negligible radio
emission. The position of TRAPPIST-1 on the GBR is shown in the bottom panel
of Fig. 4.2. If the emission is below the telescope sensitivity, then TRAPPIST-1
could be in line with the trend for radio quiet UCDs.

While an emission mechanism cannot be inferred from only non-detections,
a particular emission mechanism can be adopted to calculate some potential con-
straints on the system. Pineda and Hallinan (2018) focused on ECMI, and this
work complements that discussion by focusing on gyrosynchrotron emission. First,
following the framework of White et al. (1989) and Osten et al. (2009) used in
Chapter 3, I calculate the size of the emitting region in units of Jupiter radii in the
Rayleigh-Jeans limit using Equation 3.1 and assuming, for a limiting case, tahat the
brightness temperature is equal to the effective temperature. I otherwise use the
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Figure 4.3: Constraints on the size of the emitting region and magnetic field
strength for an assumed electron energy index δ in the optically thick
gyrosynchrotron regime following Equation 3.1. In the case of optically
thin emission, the emitting region can be enhanced by up to 10 for an
optical depth τ(ν) = 0.01. The upper blue curves are set by the 6 GHz
VLA observations presented in Pineda and Hallinan (2018), while the
red and black curves are set by the 44 GHz VLA and 97.5 GHz ALMA
observations presented in this work. The vertical black dotted line shows
the magnetic field strength determined by Reiners and Basri (2010).

equations in Dulk (1985) appropriate for the optically thin regime. Fig. 4.3 shows
the range of x values set by each radio observation of TRAPPIST-1 for an assumed
electron energy index and magnetic field strength. For a magnetic field of 600 G
and electron energy index δ = 2, the emitting region is constrained by my ALMA
upper limits to ≤ 0.02 RJ.

This upper limit is significantly smaller than the constraints placed on the radio
bright UCD NLTT 33370 presented in the previous chapter, and just smaller than
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values for LP 349-25 and LSR J1835 at the samemagnetic field strength (600 kG). If
TRAPPIST-1 does have a gyrosynchrotron-emitting region, these results show that
it must be substantially smaller than what is found for radio bright UCDs. Deeper
constraints on the flux density could further limit this value, but the current limit
can be used to infer upper limits on the outgoing high energy particle population
incident on the TRAPPIST-1 planets, discussed in the next chapter.

4.5 Monitoring Campaign of TRAPPIST-1
While my (<10 hr) ALMA and VLA observations placed tight constraints on the
possible quiescent radio emission of TRAPPIST-1, this cannot rule out whether the
star exhibits bursting or variable emission only apparent over longer time periods.
As noted, TRAPPIST-1 is known to flare, showing that the star exhibits some
degree of transient magnetic activity at least at optical wavelengths. I successfully
observed TRAPPIST-1 with the VLA for nearly 40 hours on-source to look for
indications of bursting or flaring radio activity near the cyclotron frequency. In this
frequency range, emission could be prompted by either ECMI or gyrosynchrotron
radiation, produced in flares, CMEs, or other variable processes missed by short-
term observations.

Optical light flares on TRAPPIST-1 have been observed with both the Trap-
pist telescope and K2 (Gillon et al., 2016; Vida et al., 2017), but it is unclear
what causes these flares or the extent to which the flares impact the space weather
environment around the star. As discussed, Solar flares are generated through
magnetic reconnection events, which produce radiation across the electromagnetic
spectrum through bremsstrahlung, gyrosynchrotron, synchrotron, and plasma emis-
sion. However, it is unknown whether UCD flares behave like Solar flares; the Sun
may indeed be a poor model. For example, the flares of the UCD Proxima Centauri
are Solar-like in temperature and density at X-ray wavelengths, but MacGregor
et al. (2018) measured a radio flare that was 10× the maximum luminosity of Solar
flares. This “mega-flare" could indicate that the radio emission during UCD flares
is significantly stronger than that of Sun-like stars. This could, in turn, be indicative
of more severe space weather. If TRAPPIST-1 does behave similarly to the Sun,
then accompanying radio emission would be too faint to detect during flares. On the
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other hand, if TRAPPIST-1 behaves like the more analogous star Proxima Centauri,
its flares would be bright enough for the VLA to measure at 3 GHz.

The 3.3 day rotation period of TRAPPIST-1 corresponds to periodic fluctuations
in brightness seen in K2 data (Luger et al., 2017). While these modulations are
thought to be due to surface features, it is unclear whether starspots or hotspots are
rotating into and out of view. Morris et al. (2018) find that the light curves are
more consistent with hot spots. Since brighter regions coincide with more frequent
flaring, the two may be due to the same magnetic events. Morris et al. (2018)
note that the 3.3 day periodicity could instead be caused by the changing size of
surface bright spots rather than stellar rotation. Radio observations could capture
flares concentrated around hot spots and constrain the hot spot size, energy, and
magnetic field strength. If no radio emission is present at all, changing surface
morphology rather than modulation of starspots could be the origin of the observed
periodicity, or the radio emission accompanying hot spots is of lower magnitude
than the Proxima Centauri flare.

Without any previous radio detections of TRAPPIST-1, it is difficult to estimate
the star’s radio brightness during a flare or other variable outburst. If TRAPPIST-1
has radio emission during flares similar to the quiescent gyrosynchrotron emission
of known radio bright UCDs, the flux density scaled to the distance of TRAPPIST-1
should be around 140 µJy. This is a low estimate, however, as UCD radio outbursts
are significantly brighter than their quiescent radio emission.

4.5.1 Observations

The 3 GHz VLA observations (Figure 4.4) were centred on TRAPPIST-1 using
J2000 coordinates RA = 23h 06m 29.37s and δ = -05d 02m 29.03. The data were
reduced using the Common Astronomy Software Applications (CASA) pipeline
CASA (v5.1.2; McMullin et al. (2007)).

The observations were taken during the VLA Semester 19A (IDVLA-19A-215,
PI Hughes) over 58 scheduling blocks (SBs) from 2019 April 8 to July 24 for a total
of 49.99 hr including overhead and 39.0 hr on-source. Data were acquired with the
array in the B antenna configuration, with 37 antennas and baselines ranging from
35 m to 1030 m.

86



Figure 4.4: Continuum image showing the 12” × 12” region centred on the
sky position of TRAPPIST-1 for my 3 GHz VLA observations. The
crosses at the centre of the image indicate the position of TRAPPIST-1.
The synthesized beam is indicated by the black ellipse in the lower left
of the image. TRAPPIST-1 was not detected, with RMS sensitivity of
170 µJy. The streaking structure that resembles telescope tracking is
due to artefacts introduced by the quasar.
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The instrument configuration used the S band receiver with a correlator setup
consisting of 1224×2.0 MHz channels for a total bandwidth of 2.08 GHz. Spectral
windows of 64-channel width had bandwidths ranging from 1.988 GHz to 3.884
GHz, giving an effective continuum frequency of 2.9 GHz. The quasar J2246-1246
was used for gain and phase calibration and quasar 3C48was used as a bandpass and
flux calibrator. Data were reduced using the (CASA 5.1.2) pipeline, which included
bandpass, flux, and phase calibrations.

These VLA 2.9 GHz observations achieve a RMS sensitivity of 170µJy beam−1

as taken from the CLEANed image, insufficient to reveal a weak detection. The
size of the synthesized beam is 2.52” × 1.14” at a position angle of -78.1◦. The
beam size corresponds to 22 au, or a beam radius of 11 au, at the system’s distance
of 12.1 pc.

In addition to the non-detection produced by stacking the observations of
TRAPPIST-1, I saw no evidence of emission throughout any of the 58 SBs. This
indicates the star may not be variable or flaring, or that the flares are strongly
“concentrated” and modulated with the rotation period of the star.

These observations were complicated by the presence of a bright quasar in one
of the side lobes that introduced significant artefacts into the image (Figure 4.5).
This can be accounted for in the self-calibration process. However, the presence
of the quasar increases the RMS of the observations by an order of magnitude.
Removing the quasar from these observations to improve the RMS and place deep
3 GHz constraints on the radio emission of TRAPPIST-1 is part of my ongoing
work before these observations are published.

4.6 Summary
In this chapter I presented observations of the UCD TRAPPIST-1. I observed
the star at 97.5 GHz with ALMA and at 44 GHz with the VLA to measure the
quiescent flux density, and monitored the star at 3 GHz with the VLA for signatures
of variability. I find non-detections of the quiescent flux at both 97.5 GHz with a
3σ upper level flux limit of 10.6 µJy and at 44 GHz with a 3σ upper level flux limit
of 16.2 µJy. The individual scans showed no signs of variability over the course of
the 97.5 and 44 GHz observations.
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Figure 4.5: Wide-field continuum image showing the 240” × 240” region
centred around the sky position of TRAPPIST-1 for my 3 GHz VLA
observations. The crosses at the centre of the image indicate the position
of TRAPPIST-1. The synthesized beam is indicated by the black ellipse
in the lower left of the image. This image is significantly zoomed out
in order to show the bright quasar, seen in the top right, that introduced
significant noise-like artefacts into the observations and raised the RMS.
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From these observations, TRAPPIST-1 conforms to trends in UCD radio bright-
ness; slowly rotating UCDs with high X-ray emission are unlikely to be detected at
radio frequencies, whereas rapidly rotatingUCDswith lowX-ray emission aremore
likely to be radio bright. TRAPPIST-1 has a long rotation period of 3.295 ± 0.003
days and high X-ray luminosity of 3.8 − 7.9 × 1026 erg s−1, making these results
consistent with the GBR. I also presented preliminary results from my monitoring
campaign of TRAPPIST-1, which included 39 hours of on-source observations to
search for transient bright radio activity near the cyclotron frequency. The pres-
ence of a radio bright quasar in one of the sidelobes introduces a strong noise-like
signal into the observations, lowering the RMS substantially. Additional analysis
is necessary prior to the publication of these results, described in Chapter 6.
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Chapter 5

Ultracool Dwarf Magnetism and
Habitability

Among the interesting consequences of stellar magnetic activity is the impact of
that activity on surrounding planets. Exoplanet surveys have shown that M dwarfs
are frequent hosts of close-orbiting terrestrial planets, making their activity of
particular importance in the context of habitability. Dressing and Charbonneau
(2015) estimate an occurrence rate of about 0.5 Earth-like planets per M dwarf
habitable zone, where this habitable zone has conventionally been defined as the
orbital distance around a host star where an Earth-like planet would be within the
right equilibrium temperature range to support liquid water on its surface.

While the equilibrium temperature of a planet is important to harboring Earth-
like life, atmospheric chemistry and surface life can also be impacted by stellar
magnetic activity and variability. This point is particularly crucial for planets in
orbit around low-mass stars. Due to low stellar temperatures, the habitable zone
of cool stars is located at much smaller stellocentric distances (e.g. Figure 5.1).
This leaves planets vulnerable to both a higher degree of activity from the star
and stronger tidal forces that could lead to spin-orbit resonances or tidal locking in
extreme cases (Barnes, 2017).

The precise impacts of stellar emission on “habitable” planets are not straight-
forward and depend on many unknowns about both the planets and their host stars.
Heightened magnetic activity typical of M dwarfs may not actually be prohibitive
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Figure 5.1: Diagram comparing the orbits of the inner Solar System planets,
with semi-major axes ranging from 0.38 − 0.72 au to the TRAPPIST-1
planetary system, with semi-major axes ranging from 0.01 − 0.06 au.

to the development and survival of surface life. UV radiation may even aid in the
development of life, as noted in Section 1.5.6, and when unaccompanied by other
radiation it may not be enough to significantly impact planetary atmospheres.

5.1 The Habitable Zone
Unlike TRAPPIST-1, none of theUCDs presented inmy survey have known orbiting
exoplanets, let alone known planets with the potential to harbour life under Earth-
like conditions. To determine the particle flux incident on hypothetical habitable
planets around each UCD, I first estimate the location of the habitable zone around
each star. The habitable zone is not well defined, as there are many factors to
consider: the received radiation, atmospheric composition, oceanic circulation,
etc. Moreover, definitions based on surface temperatures ignore the possibility
of subsurface life subsisting on an internal energy source (e.g. Stevenson (2018);
Tasker et al. (2017)). For the purposes of this calculation with these caveats in mind,
I use the equilibrium temperature definition of the habitable zone. Specifically, I
consider the orbital region around a star where a planet with an Earth-like albedo
of A = 0.3 and emissivity ε = 0.9 has an equilibrium temperature within the range
273 K < T < 373 K necessary for liquid water (Hart, 1980). I also consider an
insolation definition of the habitable zone, but the inner and outer limits do not
deviate significantly enough from the equilibrium temperature definition, and are
ultimately not used in my calculations.
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Table 5.1: Properties of UCDs included in the survey, all presented in Chapter
3, that are used in the energetic particle flux estimates.

Target Name S (µJy) α δ R (RJ) T (K)
LSR J1835 114 -0.76 2.2 0.04 2800
LP 349-25 70 -0.52 1.9 0.05 2400
NLTT 33370 600 -0.29 1.7 0.2 3200

The equilibrium temperature can be calculated by equating the incoming stellar
radiation incident on a planet with the outgoing radiation, assuming the planet and
star radiate as a blackbody. The star-facing hemisphere of a planet will receive
stellar radiation given by,

Pin = (1 − A)
L?

4πa2 πR2, (5.1)

where A is the albedo of the planet, R is the planet radius, and a is the semi-major
axis. Correspondingly, the planet re-radiates from its entire surface by,

Pout = 4πR2εσT4, (5.2)

where T is the temperature of the planet, ε is the emissivity, and σ is the Stefan-
Boltzmann constant. Equating the incoming stellar radiation with the radiation
emitted by the planets and solving for the temperature in equilibrium, Teq,

Teq =

[
(1 − A)L?
16πa2εσ

]1/4
. (5.3)

Using the Stefan-Boltzmann law between stellar luminosity and temperature, L? =

4πσR2
?T4
?,

Teq = T?

(
1 − A
ε

)1/4 √
R?
2 a

. (5.4)
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Re-arranged to solve for the semi-major axis a,

a =

√
1 − A
ε

R?T2
?

2 T2
eq
. (5.5)

To get an estimate of the proton flux on a planet within this range, I use
the median temperature required for liquid water as the planetary equilibrium
temperature, Teq = 323 K and stellar radius R? = RJ. The habitable zones for each
UCD, including the inner and outer limits, are shown in Table 5.2.

As noted above, the habitable zones can be alternately defined in relation to
the insolation only, or comparison between the stellar and Solar luminosity L∗/L�.
The inner and outer edges of the habitable zones in this definition are a′in and a′out.
Following the work of Lunine et al. (2008) and Turnbull et al. (2012), they are
expressed,

a′in = 0.75 au

√
L∗
L�
, (5.6)

and

a′out = 1.8 au

√
L∗
L�
, (5.7)

respectively. Under these definitions, the locations of the inner and outer habitable
zones vary only slightly from the equilibrium temperature estimates shown in Table
5.2; with NLTT 33370 now predicted to have a habitable zone range from 0.013 -
0.031 au. Given that these habitable zone estimates are so similar to the equilibrium
temperature values, I do not give them further consideration.

The short orbital distances involved in the habitable zones around UCDs expose
planets to heightened levels of stellar activity. In this work, I am particularly con-
cerned with the outgoing energetic particle flux - predominantly energetic protons
- thought to accompany reconnection events traceable at GHz radio frequencies.

5.2 Particle Flux in Context
The impact of stellar particle flux estimates can be understood in the context of
Solar storms. Typically, Solar energetic particles (SEPs) have low enough energy
that they are deflected by the Earth’s magnetic field. However, Solar flares and
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Table 5.2: The locations of the habitable zone as determined from the equilib-
rium temperature around each UCD presented in Chapter 2. The average
values, bolded in column 2, are used for the primary particle flux esti-
mates. The inner ain and outer aout ends of the habitable zone are used to
calculate the extremes of particle flux values.

ain (au) aavg (au) aout (au)
LSR J1835 0.012 0.016 0.021
LP 349-25 0.008 0.012 0.016
NLTT 33370 0.016 0.019 0.028

Figure 5.2: The plot from Tilley et al. (2017) on the left (a) shows the effects
of an electromagnetic radiation only single flare on the ozone column
on an Earth-like atmosphere, while the plot on the right (b) shows the
effects of the same flare with the addition of energetic proton fluxes
ranging from ∼ 3 × 105 pfu for the 1030.5 erg flare to ∼ 6 × 108 pfu for
a 1034 erg flare. Note the split legend. Used with permissions under the
Creative Commons CC-BY-NC license.

coronal mass ejections accelerate particles to sufficiently high energies to penetrate
into the polar ionosphere. During strong Solar storms, energetic protons can cause
dangerous levels of radiation for airplanes near the poles and astronauts outside
of the Earth’s magnetosphere, but increases in radiation on the ground due to
secondary neutrons are rare.
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The damaging effects of energetic particle radiation on Earth-like atmospheric
chemistry are unambiguous. Incident high energy protons released during Solar
particle events (SPEs) ionize molecules in the Earth’s stratosphere and mesosphere.
This ionisation results in enhancements in nitric oxides (NOy) and hydrogen oxides
(HOx), both of which are seen to increase during large SPEs (e.g., Storini and
Damiani, 2008; Gerard and Barth, 1977; Iwagami and Ogawa, 1980). Ozone, or
O3, reacts through a few catalytic cycles with nitric and hydrogen oxides in the
hours following an event (Jackman et al., 2005), causing a measurable depletion
in local ozone levels. Even the global ozone content is impacted by Solar activity,
and is seen to vary with the same periodicity as the Solar cycle with an amplitude
of roughly 1.8 ± 0.3% (Hood and McCormack, 1992). Radiocarbon signatures
indicate that a very strong SPE occurred in 775 AD (Usoskin et al., 2013), leading
to an estimated 8.5% depletion in total ozone (Sukhodolov et al., 2017). While
ozone depletion in the Earth’s atmosphere due to SPEs has consequences for surface
life, including making us more vulnerable to incoming ultraviolet radiation, even
the most severe recorded events have eroded less than 10% of the Earth’s ozone and
all have been recoverable. The impacts of energetic particles on the atmosphere of
planets around UCDs are likely much worse. The outgoing particle radiation from
a magnetically active UCD could be significantly higher than that of Sun-like stars,
while the habitable zones around UCDs are also much closer, subjecting them to
even higher levels of radiation.

Fortunately for us, the Sun does not exhibit the level of heightened magnetic
activity thought to be responsible for radio emission in ultracool dwarfs. This
also means that SPEs cannot be used to evaluate the effects of rapidly recurring
or even quasi-quiescent strong energetic particle events on UCDs. In this case,
simulations can provide insight into the effects of typical M dwarf emission on
planetary atmospheres.

To get an idea of the impacts that reconnection events from UCDs can have
on surrounding planets, I look to simulations that model the response of exoplanet
atmospheres to stellar flares. In particular, Tilley et al. (2017) and Segura et al.
(2010) ran simulations that explored the effects of repeated M dwarf flares on the
ozone column depths in planetary atmospheres. All planets were envisioned to be
Earth-like, including their atmospheric composition, and were all orbiting in the
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habitable zone of an M dwarf. Both works consider two cases: one includes only
the effects of electromagnetic radiation, and the other includes the combined effects
of EM radiation and energetic protons. The results of these studies show that the
electromagnetic radiation-only flares have a limited effect, while the addition of
energetic protons causes more lasting and often irreversible damage. Tilley et al.
(2017) found that an Earth-like planet exposed to UV flares without accompanying
energetic protons had a fraction of a percent loss in ozone for the highest energy
flaring events, whereas a single electromagnetic plus proton radiation event (of
5.9 × 108 pfu) can deplete the ozone abundance by up to 94% two years after the
event, with a recovery time of 50 years. Even recurring flareswith only EM radiation
have limited effects on an Earth-like atmosphere, with 1-year interval flares showing
no significant change in the ozone column over a 1000-year duration. More frequent
flares with a 1 day separation can reduce the ozone column by a few percent, where
it reaches a new equilibrium. Even in the most extreme electromagnetic-radiation-
only scenarios, where very strong flares are recurring on an hourly basis continued
over the course of the age of the universe (4× 1017 s), the ozone column loss is less
than that of a single high-energy flare that includes energetic protons. Conversely,
the lowest energy electromagnetic plus proton flares, with 3 × 105 pfu, that recur
over two-hour intervals will deplete the atmospheric ozone by ≥ 99% in just over
1 year.

Energetic protons are released through magnetic stellar events such as magnetic
reconnection during flares or in coronal mass ejections, and can be traced by mil-
limetre emission. If gyrosynchrotron radiation from UCDs is indeed produced by
sustained, small reconnection events as suggested by Williams et al. (2015), then
corresponding energetic protons are also released into the circumstellar environ-
ment. While we cannot measure the energetic proton flux from a reconnection
event directly, it can be inferred from the strength and spectral index of detected
gyrosynchrotron radiation. Non-detections can further place upper limits on the
particle flux. The resulting proton flux incident on surrounding planets can then be
compared to the “catastrophic” values determined by simulations, as well as proton
flux values from damaging Solar storms, to put the severity of the proton flux in
context.

With this in mind, in this Chapter I investigate the potential proton flux incident
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on hypothetical planets in orbit around the detected UCDs presented in Chapter
3, and place upper limits on the particle flux incident on the TRAPPIST-1 plan-
ets. These values are necessarily very speculative, as there are many outstanding
unknowns regarding the magnetic activity of UCDs.

5.3 Estimating the Particle Flux
I use two strategies to estimate the UCD proton flux incident on surrounding
planets, based on a range of assumptions about the nature of UCD reconnection
events. First, I use known SEP flux values arriving at Earth and scale these to the
size of UCD reconnection events and the inner and outer limits of their habitable
zones, following Equation 5.5. This gives the proton flux incident on planets in
orbit around UCDs if the quasi-quiescent energetic proton flux from radio loud
UCD is similar to the Solar flare environment. The second method involves using
the correlation between millimetre emission in Solar flares and subsequent proton
flux measured at Earth to estimate the proton flux resulting from UCD millimetre
emission.

5.3.1 Scaling the Proton Flux

The distance dependence of the energetic proton flux is not straightforward, even
in the case of the Sun where in-situ observations are plentiful. Solar System
spacecraft demonstrate that the proton flux can have a non-trivial radial profile that
is dependent on the specific event and the orbital location of the detector. For
example, Lario et al. (2013) find that at distances greater than 1 au the maximum
proton flux scales as d−3.3 and as d−3 at distances less than 1 au for the observed
event. In prior observations, Lario et al. (2006) found an energy dependence on
the proton scaling, with >4 MeV protons having a distance dependence of d−2.7

and >51 MeV protons following d−1.9. Theoretical work by Verkhoglyadova et al.
(2012) suggests a weaker radial dependence, consistent with d−2 for MeV protons
or even d−1 for protons with E > 50 MeV, while He et al. (2017) suggest d−1.7 as
a lower limit for the radial dependence. In this work, I adopt a characteristic d−2

distance dependence, but note that this scaling can vary.
It is also important to note that the outgoing protons follow helio-longitudinal

98



Figure 5.3: Schematic of the propagation of helio longitudinal flux tubes from
the Sun, where outgoing particles extend along interplanetary magnetic
field lines.

flux tubes along magnetic field lines (Figure 5.3), and can be influenced by other
space weather such as coronal mass ejections. The dominant factor in the fluence,
or time-integrated flux, of Solar energetic protons depends more on the helio-
longitudinal distance between the Sun and spacecraft, rather than the heliocentric
separation. The intensity of the proton flux arriving at Earth can be best estimated
following the observed helio longitudinal path of outgoing energetic particles. The
estimates in the following subsections are the proton fluxes a planet would receive
if its orbit coincides with a flux tube. Given the quasi-quiescent nature of the radio
emission, I expect the planet to sweep through multiple flux tubes throughout its
orbit.

5.3.2 Proton Flux from Solar Particle Events

Solar storms are considered strong by the NOAA (National Oceanic and Atmo-
spheric Association) storm radiation scale when the incident protons on Earth
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Table 5.3: Estimates of proton fluxes received at UCD-orbiting planets if
quasi-quiescent UCD emission is equivalent to energetic protons released
during Solar particle events.

UCD Orbital Distance
NLTT 33370 ain (au) aavg (au) aout (au)
Fp+ (pfu) 4 × 106 3 × 106 1 × 106

LSR J1835 ain (au) aavg (au) aout (au)
Fp+ (pfu) 7 × 106 4 × 106 2 × 106

LP 349 ain (au) aavg (au) aout (au)
Fp+ (pfu) 2 × 107 7 × 106 4 × 106

reach values of 103 pfu (where 1 pfu = 1 particle cm−2 s−1 sr−1), and extend to
≥ 105 pfu for the strongest storms. The September 1859 Solar Flare known as
the Carrington event resulted in the strongest geomagnetic storm in recorded his-
tory. Since the Carrington event occurred prior to the development of Solar proton
detectors, the resulting proton flux is unknown, but Miroshnichenko and Nymmik
(2014) estimate an upper limit of 106 pfu for 10 MeV and greater protons.

In the following calculations I use the incident energetic protons emitted during
SPEs measured at Earth to estimate the energetic protons received by a planet
orbiting a UCD during a comparable event. This involves scaling the Solar proton
flux values to the orbital distances of planets in the habitable zones calculated in
Equation 5.5. I use the low values from the NOAA Solar storm radiation scale (103

pfu) in these calculations.
For a Solar particle flux arriving at Earth F�

p+
, the outgoing energetic particles

at the surface of the Sun at distance d� = 1 au is,

L�p+ = F�p+ (4πd2
�). (5.8)

The magnetically active regions of UCDs are thought to cover a significant fraction
of the surface, up to the full stellar disc for a magnetic field strength of ∼1 kG and
an assumed UCD radius of RJ following the limits set in Chapter 3. In the below
calculations I treat the size of the emitting region as the full stellar disc, or πR2

J .
Since magnetically active regions on the Sun have an average total size of 1% of
the Solar disc (Canfield, 2000; Kallunki and Uunila, 2017), the emitting region of
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the Sun (0.01 πR2
�) is approximately the same size as a UCD. Therefore I do not

use any scaling between the size of the Solar active region and the size of a UCD
emitting region. The energetic proton luminosity in units of p+ s−1 sr−1 during a
reconnection event at the UCD surface, L?� is then,

L?p+ = L�p+ = F�p+ (4πd2
�). (5.9)

The final step is to scale this value to the habitable zone distances,

F?p+ =
L?
p+

4πd2
?

= F�p+

(
d�
d?

)2
. (5.10)

Using the habitable zone calculations in Section 5.1, I use Equation 5.10 to
estimate the proton flux that would be incident on planets in orbit around UCDs.
This method assumes that quasi-quiescent reconnection events on UCDs release
energetic protons similarly to Solar flares.

These energetic particle flux values exceed those measured at Earth, due to the
close orbital distances of UCDs. The values found via this method are in excess of
even the high end of the NOAA Solar storm scale, and the same order of magnitude
as the proton flux theorised for the Carrington event. While this method does imply
high proton flux values, the calculations were based on specific events. According
to the M dwarf flare simulations of Tilley et al. (2017) and Segura et al. (2010), an
Earth-like atmosphere would not be able to recover from this level of proton flux.

5.3.3 Proton Flux from Solar Radio Bursts

The method used in the previous subsection relies on scaling the Solar proton
flux values only to estimate the proton flux incident on surrounding planets. This
method does not take into account the detected emission fromUCDs, which is likely
the result of magnetic reconnection events. The measured millimetre emission of
UCDs can be used instead to estimate the proton flux by applying to the UCDs
the median ratio between Solar millimetre emission during flares and subsequent
proton fluxes at Earth. Unlike the previous method, this does not involve assuming
anything about the size of the UCD emitting region.

Millimetre emission from the Sun has been proposed as a predictor for ener-
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Table 5.4: The 5, 9 and 15 GHz emission measured by the Radio Solar Tele-
scope Network along with the maximum energetic (> 10 MeV) particle
flux measured by the GOES satellite from the SPEs that accompanied all
6 of the observed flares. [1] Joshi et al. (2013) [2] Belov et al. (2015) [3]
Neal et al. (2013) [4] Paassilta et al. (2017).

Date F5 GHz (Jy) F9 GHz (Jy) F15 GHz (Jy) Fp+ (pfu)
23 Jan 2012 1.2 × 107 1 × 107 7 × 106 3000[1]
27 Jan 2012 7 × 107 7 × 107 4 × 107 800[2]
7 Mar 2012 4 × 106 6 × 106 9 × 106 6000[2]
13 Mar 2012 3 × 107 4 × 107 2 × 107 470[3]
12 Jul 2012 9 × 106 1 × 108 9 × 106 96[4]
28 Sep 2012 6 × 108 4 × 108 4 × 108 60[4]

getic protons (Klein et al., 2018). Solar radio bursts are characterised by intense
millimetre emission associated with Solar flares, many of which are followed by
a heightened flux of energetic protons measured at Earth. Zucca et al. (2017)
observed 6 SEP events throughout 2012, and found that the combination of 5, 9,
and 15 GHz observations of Solar flares, covering the full Solar disc, were just as
accurate at predicting Solar particle events as the previous method that relied on
the time derivative of soft X-ray emission, and included no false alarms.

In this method, I use the maximummillimetre flux values during the 6 observed
Solar flares and the subsequent proton flux during the subsequent SPEs measured
at Earth to find an average ratio between the radio luminosity and outgoing proton
luminosity. The radio observations in this study were taken by the Radio Solar
Telescope Network (RSTN), a group of four observatories that gather whole-Sun
radio flux densities across a few radio frequencies. The RSTN data are publicly
available through the National Geophysical Data Centre, which I rely on for the
Solar radio burst measurements. The maximum radio flux values during each Solar
flare, as determined from the RSTN observations, are shown in Table 5.4 with the
peak proton fluxes measured from the subsequent SPEs on those dates as well.

A 2018 study on well-observed Solar flares that occurred in early September
2017 similarly found that GHz radio bursts were followed by increased >10 MeV
proton fluxes received at Earth. Chertok (2018) found that a 4 Sept 2017 flare had a
peak 3 GHz flux of 2×107 Jy and an energetic proton flux of 100 pfu, and a 10 Sept
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Table 5.5: Radio luminosities, proton luminosities, and ratios of the two for all
Solar flares in this section. The radio luminosities of the events detailed
in Table 5.4 were found by averaging all maximum flux values for each
event. Note that the units of LR and Lp+ are not the same, so the ratio in
the last column is not unitless.

Date LR (erg s−1 Hz−1) Lp+ (p+ s−1 sr−1) LR / Lp+(p+−1 erg Hz−1 sr)
23 Jan 2012 3 × 1011 9 × 1030 3 × 10−20

27 Jan 2012 2 × 1012 2 × 1030 1 × 10−18

7 Mar 2012 2 × 1011 2 × 1031 1 × 10−20

13 Mar 2012 8 × 1011 1 × 1030 8 × 10−19

12 Jul 2012 1 × 1012 3 × 1029 3 × 10−18

28 Sep 2012 1 × 1013 2 × 1029 5 × 10−17

4 Sep 2017 6 × 1011 3 × 1029 2 × 10−18

10 Sep 2017 6 × 1012 3 × 1030 2 × 10−18

28 Aug 1966 8 × 1011 4 × 1028 2 × 10−17

30 Aug 1966 1 × 1011 3 × 1029 3 × 10−19

2017 flare had at 15 GHz flux of 2 × 108 Jy followed by an energetic proton flux of
1000 pfu. Observations during the 1966 Proton Flare Project (Švestka and Simon,
1969) found a 28 August 1966 Solar flare reached a peak 10.7 GHz flux of 3 × 107

Jy and outgoing proton flux of roughly 15 pfu, while a 30 Aug 1966 flare reached
a peak 91 GHz flux of 5 × 106 Jy and a received particle flux of approximately 100
pfu.

To determine the ratio of radio luminosity to resulting proton luminosity, I scale
the measured radio and proton flux values measured at Earth following L = 4πd2 F.
The resulting radio luminosities (LR) in units of ergs and proton luminosities (Lp+)
in units of p+ s−1 sr−1 for each event are listed in Table 5.5, where the radio
luminosities from the Table 5.4 events were found by averaging the 5, 9, and 15
GHz fluxes. There is a large spread in LR / Lp+ values spanning three orders of
magnitude. While there is no straightforward numerical correlation between the
radio and proton luminosities, it is clear that the increased radio luminosity during
flares corresponds to an increase in proton luminosity as well. I adopt the median
value of LR / Lp+ ≈ 10−18p+−1 erg Hz−1 sr from all Solar events in Table 5.5 in my
estimates.
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Table 5.6: Proton fluxes received at the inner and outer edges of the habit-
able zone for the detected UCDs and at TRAPPIST-1e and g following
Equation 5.11. The distances and fluxes of each UCD are rounded to
the nearest integer for these calculations. These estimates include val-
ues for both the quiescent and flaring flux of NLTT 33370 and the VLA
and ALMA limits on TRAPPIST-1, as well as values found by assuming
TRAPPIST-1 has radio flux consistent with the GBR.

UCD Dist (pc) Freq (ν) F (µJy) Fin
p+

(pfu) Fout
p+

(pfu)
NLTT 33370 (quiesc) 97.5 16 600 3 × 108 8 × 107

NLTT 33370 (flare) 97.5 16 4880 2 × 109 7 × 108

LP 349-25 10 97.5 70 4 × 109 1 × 107

LSR J1835 6 97.5 114 1 × 107 4 × 106

TRAPPIST-1 (VLA) 44 12 <16 <1 × 106 <5 × 105

TRAPPIST-1 (ALMA) 97.5 12 <11 <9 × 195 <3 × 105

TRAPPIST-1 (GBR) 8 12 0.06 4000 2000

I apply this ratio to the radio emission of the detected UCDs, as well as on the
upper limits for TRAPPIST-1. The radio luminosities in units of erg s−1 Hz−1 are
found by multiplying the measured flux values by 4πd2, where d is the distance
to the UCD. Dividing by the ratio of ∼ 10−18p+−1 erg Hz−1 sr determined for Solar
events gives a proton luminosity at the surface of the UCD in units of p+ s−1

sr−1. Energetic proton fluxes arriving at habitable zone distances can then be found
by dividing the proton luminosity by 4πa2, where a is the orbital distance of the
habitable zone. Thus,

Fp+ = 4πd2FR
1018p+ erg−1 Hz sr−1

4πa2 = 1018FR

(
d
a

)2
p+ erg−1 Hz sr−1. (5.11)

Taking the measured flux densities of the detected UCDs presented in Chapter
3 and the upper limits set on the TRAPPIST-1 observations, I estimate the incident
protons on the inner and outer edges of the habitable zone for the detected UCDs,
and on the closest and most distant habitable zone planets in the TRAPPIST-1
system. All values are shown in Table 5.6, and span a range that encompasses
the values estimated in Subsection 5.3.2. Most proton flux approximations in this
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section exceed the upper values during Solar storms (105 pfu), and most exceed
the estimated proton flux for the Carrington event (106 pfu). The TRAPPIST-1
estimates include both the 44 GHz VLA and 97.5 GHz ALMA observations as well
as the peak radio flux if the star does emit in agreement with the GBR. These values
are noticeably lower than those found for the radio loud UCDs, but still higher than
quiescent values measured on Earth of roughly 1 pfu.

5.4 Implications for Planets in Radio Loud UCD Systems
The lower ranges of both methods of estimating the proton flux incident on the
habitable zones around UCDs return estimates consistent with the the NOAA Solar
storm range of 103 to 105 pfu, and the highest estimates exceed the theorised proton
flux from the Carrington Event. The high values are comparable to what Tilley et al.
(2017) determined to be catastrophic for anEarth-like atmosphere from a single flare
(see Figure 5.2). The proton flux estimates in Subsection 5.3.2 assumes that planets
align with the flux tube of energetic protons. Since the radio emission is quasi-
quiescent and could be representative of continuous surface reconnection activity, a
UCD-orbiting planet would sweep through multiple flux tubes throughout its orbit.
The impacts of quiescent reconnection events releasing a constant flow of energetic
proton fluxes at Solar storm values are yet to be explored, and many assumptions
are necessary for the estimates. However, if the high proton flux estimates are
representative of UCD particle events, it is difficult to see how planets in close orbit
around active UCDs could retain Earth-like atmospheres in this paradigm.

The proton flux estimates on the TRAPPIST-1 planets present a more optimistic
picture for radio quiet UCDs. If TRAPPIST-1 does have radio emission in line with
the GBR, then the incident protons estimates in Subsection 5.3.3 are consistent with
the lowest values on the NOAA Solar storm range. The lowest estimates predicted
by both methods are higher than the quiescent particle flux values arriving at Earth
(Gopalswamy et al., 2020).

My estimates of the upper limit on the quiescent energetic proton flux incident on
TRAPPIST-1e indicate that the TRAPPIST-1 planets may not be overtly threatened
by catastrophic magnetic processes. This does not, however, guarantee that the
TRAPPIST-1 planets are safe from such processes altogether. While the upper
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proton flux limit is well below the catastrophic value used by Tilley et al. (2017)
and Segura et al. (2010), it is still within the range considered “strong” for Solar
radiation storms on Earth. Smaller scale gyrosynchrotron events such as those
seen on the Sun are still possible in the TRAPPIST-1 system. Bursting rather than
quiescent radio emission may also be possible, but not present during the relatively
short on-source timescales of previous observations. The flare rate of TRAPPIST-
1 is 0.38 day−1 (Vida et al., 2017), meaning that each of our observations only
monitored ∼10% of the characteristic timescale of active regions (Morris et al.,
2018). Assuming the flares follow a Poisson distribution, then the probability of
not detecting a flare in both the ALMA and 33 GHz VLA observations is ∼80%.
However, my 50-hour monitoring campaign of TRAPPIST-1 failed to capture any
variability at 3 GHz, at least suggesting that the star may be radio quiet even during
flares.

It is important to recognize that many assumptions went into these calculations
in the absence of more detailed observations of UCDs. The conclusions drawn
from the proton flux estimates should not be seen as absolutes, but can be used to
prioritise exoplanet targets for future biosignature searches and inform exoplanet
atmosphere models, discussed further in Chapter 5.

5.5 Summary
In this chapter I have used the results of my UCD survey to estimate the energetic
particle flux incident on the surrounding planets, or in the case of TRAPPIST-1,
place upper limits on the energetic flux value. Under some reasonable assumptions
about the behaviour of UCD reconnection events, my results indicate that radio
bright UCDs could inundate their planets with particle fluxes that would be catas-
trophic for Earth-like atmospheres. The upper limits I placed for incoming particle
flux incident on the closest TRAPPIST-1 planet in the habitable zone indicate that
the planets are not exposed to similarly high levels, whereas if TRAPPIST-1 emits
consistently with GBR, the TRAPPIST-1 planets are exposed to similar quiescent
proton flux levels as the Earth during heightened periods of Solar activity.
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Chapter 6

Summary and Future Work

Despite the ubiquity of low-mass stars and substellar objects in the Solar Neigh-
bourhood, many questions remain about their magnetic field configuration, dynamo
mechanism, radio frequency behaviour, and the space weather environment they
create for orbiting planets. Previous radio studies of UCDs have been predom-
inately focused on the radio frequency range where UCD emission is brightest,
1-10 GHz for typical magnetic field strengths. These studies have revealed that
roughly 10% of UCDs are indeed radio bright, defying expectations based on the
absence of a tachocline in fully convective objects and empirical trends observed
in magnetically active F through M stars. However, prior to this work only one
UCD had been detected at millimetre wavelengths where gyrosynchrotron radiation
dominates, and little attention has been given to the consequences of UCDmagnetic
activity on surrounding planets.

In this thesis I have presented the second through fourth detections of UCDs at
millimetre wavelengths, placed upper limits on the radio emission of the infamous
planet-hosting UCD TRAPPIST-1, and explored new methods for investigating the
impact of UCD magnetic activity on surrounding planets. My results indicate that
gyrosynchrotron emission detectable at millimetre wavelengths may be ubiquitous
in UCDs that are radio bright at 1−10GHz, and show the need for further high radio
frequency observations of UCDs to build larger sample sizes. I have determined
that, given a few reasonable assumptions about the underlying magnetic activity,
radio loud UCDs with a gyrosynchrotron component could be inundating their
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planets with high levels of particle flux that would be damaging for Earth-like
atmospheres and surface life according to the Tilley et al. (2017) and Segura et al.
(2010) models. My investigation into the UCD TRAPPIST-1, conversely, found
sustained radio silence, indicating that the TRAPPIST-1 planets may not be subject
to the same high levels of particle flux.

6.1 Summary
This work combines elements of both stellar astrophysics and planetary astronomy
to build a more complete picture of ultracool dwarfs and the planets around them.
This involved measuring the radio emission of UCDs to (a) determine the emission
mechanism, (b) characterize magnetic properties of the dwarf, and (c) infer details
about the space weather environment incident on planets in orbit around radio
emitting UCDs. Prior to the development of telescopes such as the VLA and
ALMA that achieved high radio sensitivity, measurable radio emission from UCDs
was unexpected, given both their fully convective interiors - which were thought
to inhibit the necessary level of magnetic activity to produce detectable radio
emission - as well as observational trends seen in the X-ray and radio luminosities
of more massive stars. However, since the initial discovery of radio emission from
a brown dwarf, VLA and Arecibo surveys have found that just over 10% of them
are radio loud, with emission up to four orders of magnitude brighter than values
predicted following the GBR. Although a handful of both incoherent and coherent
processes are capable of producing emission in the relevant frequency range, two
primary emission mechanisms are thought to be responsible for this unexpected
activity: ECMI and gyrosynchrotron radiation. Bothmechanisms produce emission
peaking near the cyclotron frequency, but ECMI emission becomes unphysical
at higher frequencies where gyrosynchrotron radiation is expected to dominate.
Observations at these higher radio frequencies, 30 − 100 GHz for typical UCD
magnetic field strengths, are uniquely useful for determining the presence and
strength of gyrosynchrotron radiation only.

In Chapter 3, I presented ALMA and VLA observations of five UCDs with
a range of properties and radio behavior. Of these targets, three were found to
be active at 97.5 GHz, whereas two were not detected at 33 GHz (LP 423-31) or
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97.5 GHz (LP 415-20). Thus far, all UCDs that have been reliably detected near 8
GHz and within 30 − 100 GHz exhibit emission in both of these frequency ranges.
The observations presented here give spectral indices ranging from α = −0.76 to
α = −0.29, most consistent with gyrosynchrotron emission in the optically thin
regime. The data for all detected UCDs were split into smaller time bins, with the
peak flux and RMS taken from each chunk using the CASA task uvmodelfit. Each
peak flux was then used to generate a time series of the stellar brightness. Two of
the detections (LP 349-25 and LSR J1835) show little time variation throughout
the observations (2 hr and 1 hr on source, respectively), while NLTT 33370 shows
minor temporal variability and a strong flare that exceeded the average quiescent
flux by a factor of 20. These results provide evidence that gyrosynchrotron radiation
may be common in radio emitting UCDs, and speak to the need for additional high
radio frequency observations of a larger sample.

In Chapter 4, I presented 97.5 GHz ALMA and 44 GHz VLA observations
of the TRAPPIST-1 system. I find non-detections at both frequencies, and place
3σ upper level flux limits of 10.6 µJy and 16.2 µJy at 97.5 GHz and 44 GHz,
respectively. Analysis of the individual scans showed no signs of variability with
median 3σ upper limits of 110 µJy and 190 µJy per scan for ALMA and the
VLA, respectively. Only 10% of ultracool dwarfs emit in excess of the Güdel-
Benz relation, with a loose correlation with rotation rate and anti-correlation X-
ray luminosity. UCDs with slow rotation rates and high X-ray emission tend
to be dim or undetected at radio frequencies, whereas UCDs with high rotation
rates and low X-ray emission are more likely to have detectable radio emission.
With a slow rotation rate of 3.295 ± 0.003 days and high X-ray luminosity of
(3.8 − 7.9) × 1026 erg s−1, TRAPPIST-1 conforms to this trend. I also presented
preliminary results frommymonitoring campaign of TRAPPIST-1, which included
39 hours of on-source observations to search for transient bright radio activity
near the cyclotron frequency. While my results show a non-detection, additional
processing is required before publication and described in Section 6.2.1.

In Chapter 5, I used the results of my observations to estimate the energetic
particle flux incident on planets in orbit around UCDs. I find that, giving a
reasonable set of assumptions about the origin and strength of UCD reconnection
events, the particle flux incident on planets in the habitable zone of radio loud
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UCDs matches and exceeds values of Solar storms and the monumental Carrington
event. This indicates that, if UCD reconnection events are similar to those on the
Sun, then Earth-like planets in orbit around radio loud UCDs are likely subject
to damaging levels of energetic particle radiation. Conversely, the non-detections
of TRAPPIST-1 suggest that the planets may not be exposed to similar levels of
radiation.

6.2 Future Work
In future work, I will expand on my Ph.D. research, surveying a larger sample of
UCDs at high and low radio frequencies and across the electromagnetic spectrum
to build a more complete understanding of their radio emission and magnetic
structure, and further investigate the consequences for planetary atmospheres. I
aim to answer the questions -what is the dominant emission mechanism of radio
emitting UCDs, what correlations exist in emission across the electromagnetic
spectrum, and what does this mean for life on the planets around them? This
will involve:

• Completing the self-calibration process for my monitoring campaign of
TRAPPIST-1, and publishing the results
My preliminary results show a non-detection, but self-calibration on the data
is necessary to remove artefacts introduced by a bright quasar present in the
side lobes and lower the RMS.

• Expanding the sample of UCDs known to be active at 1-10 GHz through
radio surveys
With my upcoming VLA observations, future radio surveys, and existing
unpublished radio observations, I will expand the number of UCDs that have
been observed in the 1 − 10 GHz frequency range, refining the detection
rate and identifying candidates for follow-up observations at higher radio
frequencies and across the electromagnetic spectrum. These candidates will
be selected from existing optical, infrared, and X-ray surveys, including K2,
Chandra, XMM-Newton, Spitzer, and TESS.

• Conducting follow-up high radio frequency observations of UCDs known

110



to emit at low radio frequencies to constrain the spectral index of gy-
rosynchrotron radiation
Observations, such as my upcoming VLA survey at 33 GHz, can break the
degeneracy between ECMI and gyrosynchrotron radiation and better charac-
terize the latter.

• Investigating the Impact of UCD Activity on Surrounding Planets
The strength and spectral index of optically thin gyrosynchrotron radiation
can be used to approximate the space weather environment around the UCD,
as I did in my Ph.D. work. In the future, I would like to do a more detailed
analysis of additional targets, and work with exoplanet astronomers to inform
models of UCD particle flux on surrounding planets.

• Conducting Multi-Wavelength Observations of UCDs
Observations across the electromagnetic spectrum are crucial to characterize
UCD activity. I will cross-match all radio observed UCDs with existing light
curves fromK2, Spitzer, and TESS tomeasure their rotation periods and their
flare rates and energies, to search for correlations with radio activity. I will
also pursue simultaneous multi-wavelength follow-up of known radio-active
UCDs using UV and X-ray observations with Swift, Hubble, Chandra, and
XMM-Newton to further investigate correlations in activity from radio to
X-ray wavelengths, and place further constraints on UCD activity and the
potential impact on exoplanet atmospheres.

6.2.1 TRAPPIST-1 Monitoring Campaign

My 50-hour observations of TRAPPIST-1 show a preliminary null detection with
3σ upper flux density limit of 510 µJy. The sensitivity of these observations was
significantly impacted by the presence of a bright radio quasar that was not removed
in CASA pipeline calibration.

I will continue to perform self-calibration on the observations to remove the
noise-like artefacts caused by the quasar. This involves a largely guess-and-check
method of creating a model of the observations and calibrating the corrupted data
against that model.
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6.2.2 Upcoming VLA Surveys

I have two ongoing Semester 2020A VLA proposals to observe (i) a sample of 5
UCDs at 33 GHz that are known to emit at 8 GHz and (ii) a sample of 21 UCDs at
2 GHz with known v sin i. The 33 GHz survey has the goal of measuring the high
radio frequency emission from targets known to be active at lower frequencies, and
from this constraining spectral indices of those active in both frequency ranges and
the size of the radio emitting region and impacts on planetary atmospheres. The 2
GHz survey will investigate the still-tenuous relationship between rotation rate and
radio brightness.

In the models proposed by McLean et al. (2012) and Williams et al. (2014),
the presence of radio emission is due to the magnetic field topology rather than the
strength. Slowly rotating UCDs (v sin i ≤ 10 km s−1) tend towards axisymmetric
dynamos and strong magnetic fields (Stelzer et al., 2012), whereas rapidly rotating
UCDs (v sin i ≥ 20 km s−1) can have either an axisymmetric or non-axisymmetric
dynamo and any strength field. Each dynamo creates a distinct field topology,
which determines the radio behavior of the star. In other models (Pineda, 2017;
Hallinan et al., 2007), global aurorae are responsible for UCD radio emission. This
requires strong magnetic fields as well as rapid rotation; indicating that all UCDs
with detectable radio emission will also be rapidly rotating.

In order to test these models and gain insight into the magnetic behavior of
UCDs, it is important to have accurate statistics on the correlation between rotation
rate and both likelihood and strength of radio emission. My target list in this survey
includes both rapidly and slower rotating UCDs. All of these targets have known
rotation period, thus removing the v sin i ambiguity.

My other VLA survey includes 33 GHz observations of UCDs known to be
radio bright in the 1 − 10 GHz frequency range. These observations will provide
tight constraints on the spectral index, and determine the radio emissionmechanism,
as was done in Chapter 3 of this work.

6.2.3 Archival Data

At least 10 UCDs have unpublished archival VLA and ALMA observations at high
frequencies between 20− 100 GHz. I will download and reduce these observations

112



as part of my ongoing work to survey UCDs at millimetre wavelengths where
gyrosynchrotron radiation dominates. The VLA Sky Survey and Stripe Survey
have wide-field observations at 2 and 1.4 GHz, respectively. Between K2, Spitzer,
GAIA, and TESS, there are on the order of hundreds of UCDs that fall within the
large field of view encompassed by these surveys. I will look for the brightest
UCDs in these surveys, expanding the number (currently ∼200) of those observed
at low radio frequencies to ≥300. Upper flux density estimates can be made for
all non-detections, fully utilizing the results of the VLA surveys. Between archival
data and my upcoming VLA surveys, I expect to expand the number of UCDs
observed at low radio frequencies between 1 − 10 GHz from 200 to ≥300, at least
a 50% increase. This work will also expand the number of UCDs observed at
medium-to-high radio frequencies 20 − 100 GHz from 7 to 22, a >200% increase.

6.2.4 Investigating the impact on planetary habitability

This work exists at the intersection between stellar physics and planetary astronomy.
The observations and analysis themselves are concerned with the magnetic activity
of low-mass stars and brown dwarfs, while the implications extend to planetary
atmospheres. As seen in Chapter 5, the presence of gyrosynchrotron radiation
traceable by radio observations could be catastrophic for life on planets in orbit
around UCDs. I will further explore the effects of gyrosynchrotron radiation of
UCDs on the terrestrial planets in close orbit. In future work, I would like these
result to inform simulations on the impacts UCD activity has on the stability
surrounding planets. This would involve collaboration with exoplanet atmosphere
scientists who can use my quiescent flux values and habitable zone distances to run
simulations of their impacts on the ozone content of Earth-like atmospheres.

6.2.5 Correlating Observations Across Wavelengths

Radio observations alone are insufficient to fully characterize UCDs - observations
at multiple frequencies are necessary both to identify promising targets for radio
observation and investigate correlations between emission across the electromag-
netic spectrum. The TESS, Spitzer, and K2 missions can measure flares, which
are a signature of reconnection driving radio emission, as well as determine stellar
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rotation rates by tracking the motion of starspots. Knowing the true rotation rate is
crucial to determine whether the observed correlation between radio brightness and
v sin i is dependent on the stellar inclination. An inclination or v sin i dependence
would be expected of ECMI that is strongly dependent on beaming, whereas a cor-
relation with rotation rate is more consistent with gyrosynchrotron models where
rapid rotation correlates to more reconnection events. As part of my future work, I
will examine the archival K2, TESS, and Spitzer light curves of known radio bright
UCDs to investigate these correlations, as well as identify photometrically variable
UCDs for follow-up multi-wavelength observations.

Finally, I will propose simultaneousmulti-wavelength observations using Swift,
Hubble, TESS, NICER, Chandra, and the VLA. These observations of UCDs
known to exhibit variability and flaring will investigate the underlying physical
processes. In a magnetic reconnection event, electrons spiraling along magnetic
field lines produce non-thermal gyrosynchrotron emission at radio wavelengths
and X-ray emission. This then heats the chromospheric gas, releasing visible
and UV emission observable with HST, TESS, and Swift. If no correlation is
observed between emission at these wavelengths, that would suggest a disconnect
in physical processes. The VLA has the sensitivity necessary to capture radio
emission from these very dim objects, while Swift has the advantage of both X-ray
and UV telescopes, with a flexible Target of Opportunity program that has a high
acceptance rate, making simultaneous observation straightforward. In the event
that I have radio observations scheduled and the target is being observed by TESS
in the extended mission, requesting a Target of Opportunity on Swift would give
me radio, optical, UV, and X-ray data.

Multiwavelength M Dwarf Flares

While Solar flares provide us with a template of the stellar flaring process because
they are relatively straightforward to study, M dwarfs differ significantly from G
stars in terms of density, temperature, and levels of magnetic activity. Existing
observations of M dwarf flares show that their behaviour does depart significantly
from that of Solar flares, including more coronal emission than what is observed
from any other spectral type (Osten et al., 2004). Multi-wavelength observations
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of Solar flares reveal that emission follows something called the Neupert effect,
an observational description showing that hard X-ray, optical, and UV emission
is released first, followed by soft X-ray and extreme UV emission (Dennis and
Schwartz, 1989; Neupert, 1968). The generally accepted explanation of this is
that reconnection events begin with non-thermal emission prompted by electrons
accelerated along magnetic field lines, resulting in radio, optical, UV, and hard
X-ray emission. The energy released into the Solar atmosphere by these processes
temporarily heats the ambient chromospheric gas, releasing thermal emission at
soft X-ray and extreme UV frequencies.

Solar flares usually originate in surface regions of high magnetic activity along
magnetic inversion lines (or magnetic neutral lines), separating areas of opposing
magnetic polarity. These areas are associated with filaments, lines of cooler plasma
suspended in the Solar atmosphere. Observations of Solar flares and coronal mass
ejections (CMEs) show an initial period of filament activation, where filaments
extend upward over roughly 30 minute timescales prior to the flare or CME (Kopp
and Pneuman, 1976). Unstable magnetic fields seem to trigger the onset of a flare.
This is thought to happen under a number of different circumstances, such as an
imbalance in the ambient pressure triggered by winds, or shifting of the magnetic
field footpoints in the photosphere (e.g. Priest et al., 1994), which increases the
stored magnetic energy.

This process begins when stressed magnetic field lines underneath the pho-
tosphere begin to rise, increasing the free energy stored in the corona (Priest and
Forbes, 2002). By some triggering event, likely triggered bymotion of the magnetic
field footpoints, the magnetic field falls out of equilibrium and becomes unstable.
This causes the field lines to break apart and extend outward into the heliosphere. It
is in this stage that they release energy in the form of radiation, accelerated particles,
and sometimes plasma in the event of a coronal mass ejection. The magnetic field
lines then close in the reconnection phase, and the magnetic field settles into a lower
energy, equilibrium state. In this final stage the coronal plasma is heated thermally.
These events are thought to be magnetically driven because of the plasma β, where
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the ratio of plasma pressure to magnetic pressure is given by,

β =
nkBT

B2/2µ0
. (6.1)

In the case of the Sun, β<0.01 (Cairns, 2005), indicating that the energy
necessary for energetic flares and coronal mass ejections is almost certainly stored
in the magnetic field.

Some observations of M dwarf flares suggest that their behaviour departs from
what is typically seen in Solar flares. While there is some evidence that the Neupert
effect does hold for multiple spectral types (Hawley et al., 1995), M dwarfs behave
differently. Osten et al. (2004) found that while EV Lac showed strong correlated
X-ray and radio flares, there was no clear correlation with soft X-ray emission.

While millimetre observations probe the optically thin gyrosynchrotron emis-
sion, UV/X-ray and optical observations can determinewhether there is a (dis)connect
between the processes of radio-emitting particle acceleration and plasma heating
during the flare, resulting in delayed UV and X-ray emission. Including observa-
tions across multiple frequencies allows for a more complete characterisation of the
stellar variability of UCDs, and as a consequence, the space weather environment
of planets in orbit around radio emitting UCDs.
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