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Abstract

Low frequency radio emission from planets is produced by the interaction of energetic
charged particles from the planet’s ionosphere and/or the solar wind with the planet’s
magnetic field. The temporal and spectral characteristics and variability of planetary
radio emission encode information about a planet’s magnetic field strength and mor-
phology, rotation, and interior. This thesis describes three distinct approaches to
detecting radio emission from extrasolar planets (exoplanets).

The first is a novel approach using ‘big data’ and computer aided discovery tools
to mine radio survey images for faint radio emission from the location of nearby stars.
The flexible approach described in this thesis produced upper limits of ~100x Jovian
radio flux for a large sample of nearby stars and known exoplanet systems. The
sensitivity is sufficient that large radio bursts from nearby stars or planets could have
been detected if they took place during the survey observation(s). The framework
developed here can be used for automated exoplanet radio emission searches in future
radio survey data.

The second approach described herein is a blind survey of the nearest Northern
hemisphere stars across a broad range of frequencies in order to detect as-yet un-
known planets or set tight constraints on radio emission from the stars and possible
substellar companions. The survey approach used here is novel because it makes no
assumptions about which stars are most likely to host radio emitting planets and
it covers frequencies from 30 MHz to 4 GHz. This survey produced a detection of
multiple ~50% circularly polarized flares from the M dwarf binary system Ross 614
as well as limits at the 10x Jovian flux level for the remaining stars observed. The
limits attained from this survey are the first published at 1-4 GHz for these objects
and the only available radio limits for a newly discovered cool (T9) brown dwarf.
The limits from this survey place a preliminary constraint on the magnetic field of
the brown dwarf at <350 G.

The third approach focuses on known exoplanet systems and targets key orbital
phases where intense radio emission is predicted. In the case of eccentric hot Jupiter
HD 80606 b, radio flux from the planet is expected to increase by a factor of up



to 3000 compared to the quiescent flux as the planet passes within 6 R,of its host
at periastron due to high density stellar wind impinging on HD 80606 b’s putative
magnetosphere. Data obtained from LOFAR LBA is used to set the lowest limits to
date on radio flux from HD 80606 b near planetary periastron. The same concept
of orbital phase targeting is used to optimize an observing strategy for recently-
discovered multiple planet host TRAPPIST-1. In the case of TRAPPIST-1, the
quadrature phases of planets TRAPPIST-1 b and TRAPPIST-1 ¢ are targeted to
maximize the chance of observing Io-Jupiter like planetary modulation of stellar radio
emission. The quadrature phase targeting approach is new to this field.

The thesis concludes with a discussion of the benefits of space-based observation
for exoplanetary radio searches. Ground-based observations are limited by the plamsa
frequency of the ionosphere, so planets with Earth-like magnetic fields cannot be
observed. Telescopes on the ground also suffer from ionospheric phase errors that are
difficult to fully calibrate. Space-based observation does not suffer from the effects of
the ionosphere and can therefore support lower frequency observations than ground-
based instruments. A novel instrument, the vector sensor, optimized for space-based
radio interferometry is introduced. New algorithms for all-sky vector sensor imaging
have been developed and tested in simulation and on sky data with encouraging
results. Finally, the prospects for detecting Earth- or Jupiter-analogs in the solar
neighborhood, either from the ground or from space, are assessed. Very large space-
based arrays are required to detect either Jupiter or the Earth at 10 pc; at least
105-10° antennas are needed for sufficient sensitivity.
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Title: Class of 1941 Professor, Department of Earth, Atmospheric, and Planetary
Sciences and Department of Physics
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Chapter 1

Introduction

This chapter provides an overview of planetary magnetic fields in the solar system
(1.1), the sources and properties of radio emission from solar system planets and their
connection to magnetic fields (1.2), gives an overview of searches for exoplanetary
radio emission (1.3), and concludes with an extended discussion of the connection

between planetary magnetic fields and habitability (1.4).

1.1 Planetary Magnetic Fields in the Solar System

Planetary magnetic fields are generated deep in the interiors of planets by the dynamo
effect where a seed magnetic field is amplified and maintained by vigorous convection
and rotation in an electrically conductive medium. The conductive fluid in which the
dynamo is generated varies among solar system planets but the overall mechanism is
thought to be similar. Planets with no intrinsic magnetic field may have an induced
magnetic field if they have an ionosphere that interacts with the solar wind. See Figure
1-1. Venus and Mars both exhibit induced magnetic fields. Induced magnetic fields
are generally weaker than dynamo fields and difficult to detect remotely; induced fields
will not be discussed in this work. The exception is induced magnetic fields of planets
or moons that interact with the field of their primary (e.g. Io/Europa and Jupiter).
This type of interaction is discussed in Section 1.2.4. The following discussion focuses

on intrinsic planetary magnetic fields that arise from interior dynamos.
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Induced
Magnetotail

lonosphere

Intrinsic Magnetosphere Induced Magnetosphere

Figure 1-1: Intrinsic magnetosphere (Earth, left) and induced magnetosphere
(Mars/Venus, right). Images courtesy of S. Bartlett via David Brain

The magnetic fields and magnetic histories of the four terrestrial planets are as
varied as their surface environments. The Earth and Mercury have present-day global
fields generated in their liquid iron outer cores. The Earth’s Moon and Mars have only
local, weak magnetic fields that originate in magnetized minerals in rocks in certain
areas on their surfaces. This local magnetism is the remnant of a past global magnetic
field. Mars and the Moon had dynamos in their early history, but lost them. Venus
has no present-day global magnetic field and little or no remnant magnetization.
The surface temperature of Venus ( 730 K [259]) is above the Curie point of most
magnetic minerals, so any remnant magnetization of Venusian surface rocks has likely
been destroyed [251]. If the Venusian magnetic record has indeed been wiped clean,
there is no direct way to determine whether Venus had a global magnetic field in
the past. The contrast between the Earth and Venus, two similarly sized terrestrial
bodies, presents a key question for the study of terrestrial-sized exoplanets: which
planets are expected to have magnetic fields? Size alone apparently cannot answer

that question.

All four of the gas giant planets have present-day global magnetic fields. Jupiter
and Saturn exhibit strong dipolar magnetic fields that look like a scaled-up version
of the Earth’s magnetic field. Jupiter’s dipole is slightly inclined from its spin axis

(10°), while Saturn’s magnetic dipole axis is exactly aligned with its rotation axis
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Table 1.1. Magnetic fields of the solar system planets

Planet Mass Radius Rotation Obliquity Magnetic Equatorial Dipole Dipolarity®
Period Moment®  Surface Field Tilt?
(Mg)  (Re) (days) () (&) )

Mercury 0.0553 0.383 58.8 0.034 0.0007 0.003 <0.8 0.71
Earth 1 1 1 23.4 1 0.305 10.8 0.61
Jupiter 317.8 11.21 0.415 3.1 20,000 4.2 -9.6 0.61

Ganymede  0.025 0.413 7.154 0 0.0017 0.007194 -44 0.954
Saturn 95.2 9.45 0.445 26.7 600 0.20 <0.5 0.85
Uranus 14.5 4.01 -0.729¢ 97.8 50 0.23 -59 0.42

Neptune 17.1 3.88 0.673 28.3 25 0.14 -47 0.31

2All values are referenced to Earth’s magnetic dipole moment (7.94x10%2 A-m?).

bThe sign indicates the orientation of the dipole relative to the rotation axis ‘north’ pole. Value is positive if dipole
‘south’ pole is closest to rotational ‘north’ pole (as is the case for the Earth), negative if dipole ‘north’ pole is closest
to the rotational ‘north’ pole.

“Ratio of dipole to total magnetic field.
dFrom Kivelson et al. (2002) [156].

°Retrograde rotation.

Note. — All values from Planetary Fact Sheets [316] unless otherwise noted. Dipole tilt and dipolarity values from
[256].

[276]. The Jovian and Saturnian dynamos are generated in a convecting, conductive

metallic hydrogen layer [56, 277].

The ice giants, Uranus and Neptune, are the least studied of all of the solar system
planets. They have received only one visit from a spacecraft: Voyager 2 as part of its
‘Grand Tour’. Voyager 2 observations indicate that both planets have magnetic fields
with strong non-dipolar spherical harmonic components compared to the gas giants.
The dynamo-generating region in the ice giants is thought to be a thin, convecting
superionoic water layer [275, 241] above a stably stratified core, which accounts for
the more complicated magnetic field topology. Since higher order components of the
magnetic field fall of faster with distance, the dipole component dominates when
the field generating region is deep within a planet, like the Earth, but higher order
components can be detected when the field generating region is closer to the surface.

See Table 1.1 for a comparison of solar system planetary magnetic field properties.

The sample of solar system planetary magnetic fields is small and idiosyncratic.

There are simply not enough planets of similar masses/radii which can be compared
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and contrasted to draw conclusions about how magnetic field properties are correlated
with planetary properties. The dichotomy between Earth’s strong magnetic field and
Venus’s total lack of a magnetic field is a prime example. Do most Earth-sized planets
have Earth-like magnetic fields, or is Venus a more typical case? The motivating goal
of this work is to lay the framework for a sample of measured (exo)planetary magnetic

fields in order to build a population amenable to statistical analysis.

1.2 Radio Emission from Solar System Planets

Detailed characterization of the solar system magnetic fields was accomplished pri-
marily by in-situ magnetometer measurements by orbiter or flyby spacecraft (Pioneer,
Voyager 1 & 2, Galileo, Cassini, etc.). In-situ magnetometer measurements of exo-
planetary magnetic fields are not currently possible, so a remote sensing technique is
necessary to make progress in this area. This section focuses on cyclotron emission as
a remote probe for planetary magnetic fields. Synchrotron emission from relativistic
particles in radiation belts and atmospheric lightning also generate planetary radio
emission, but have small fluxes compared to cyclotron (non-relativistic) emission, so
they are not discussed here. Mercury and Ganymede are not included in the following
discussion of planetary radio emission since neither has a measured radio spectrum

to date.

1.2.1 Radio Emission Mechanism

Coherent, non-thermal radio emission from charged particle-magnetic field interac-
tions serve as a remote sensing probe of planetary magnetic fields. Electrons from
either the solar wind or planet’s ionosphere (or both) gyrate around planetary mag-
netic field lines and radiate at radio frequencies via the electron cyclotron maser
instability (CMI) [303]. The peak emission frequency f.. from CMI emission is equal
to the electron cyclotron frequency (w..) divided by 27 and is therefore directly re-
lated to the magnetic field strength (B) at the emission region (e and m. are

electron charge and mass, respectively). The cyclotron frequency can be easily de-
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rived by balancing the centripetal force on a particle circling a magnetic field line and

the Lorenz force.
_ We  €B

Jee (1.1)

Tom 2Tme
Magnetic field strength increases as altitude decreases, so electrons at different al-
titudes emit at a range of frequencies. Measuring the frequency spectrum of plan-
etary radio emission therefore directly yields the magnetic field strength at a range
of heights. The maximum observable frequency (“peak frequency” or “cutoff fre-
quency”) gives the magnetic field at the lowest height above the planetary surface
where the CMI mechanism can function. The CMI mechanism stops working at low

altitudes where the ionosphere transitions into the neutral atmosphere.

CMI emission is beamed into a thin-walled, wide opening angle cone centered on
a magnetic field line. As the emission cone sweeps past an observer due to plane-
tary rotation, it creates the illusion of a periodic signal. The emission cone(s) move
with the planet, so the periodicity of the CMI emission is the rotation period of the
dynamo-generating region of the planet. Planetary CMI emission is often called au-
roral radio emission or auroral kilometric radiation (AKR) because it originates in
the auroral zones above magnetic poles where field lines converge/diverge (assuming

a dipolar magnetic field geometry).

Measuring a planet’s magnetic field strength via radio emission from the surface
of the Earth requires that the peak emission frequency must be above the Earth’s
ionospheric cut-off. The Earth’s ionosphere is opaque to electromagnetic radiation
below the ionospheric plasma frequency. The ionospheric plasma frequency is given

by

nee? 1
Jo= Me€o or (1.2)
fp ~9/n. [kH?Z] (1.3)

where f, is the plasma frequency, n. is the electron number density, and ¢, is the

permittivity of free space. When n, is in units of cm ™2, f,, in kHz can be approximated
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as shown in Equation 1.3. The Earth’s ionospheric cutoff frequency ranges from ~2-
15 MHz depending on solar wind conditions, time of day, and latitude. As shown in
Figure 1-2, only Jupiter out of the solar system planets has a magnetic field strong
enough to produce radio emission above the Earth’s ionospheric cut-off frequency.
The magnetic fields of the rest of the gas giants were not measured until space-based
observations were made by the Voyager 2 mission [331] using both radio and in-situ

instruments.

AURORAL RADIO EMISSION SPECTRA
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Figure 1-2: Radio spectra of five solar system planets as measured by Voyager 2.
TKR, SKR, UKR, and NKR refer to terrestrial, Saturnian, Uranian, and Neptunian
kilometric radiation, respectively. Two components of Jupiter’s decametric (DAM)
emission are shown: Io-induced and non-Io related. The flux densities for all planets
have been normalized to 1 AU. Mercury and Ganymede are not included because
neither has measured radio emission. Image reproduced from [331].

Radio emission from Jupiter was measured from the surface of the Earth in 1955
[41] at 22 MHz and used to calculate a Jovian magnetic field strength of 7 Gauss
and a rotation period of just under 10 hours [267]. The measured magnetic field
strength inferred from the ground-based observations agrees well with the value from

in-situ measurements (14 G north pole, 11 G south pole, 4 G equator) performed
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Figure 1-3: Radio spectra of Jovian radio emission. This plot expands the horizontal
axis of Figure 1-2 to higher frequencies. The bold black curve shows Jovian cyclotron
emission. The spectra of four other solar system planets (Earth, Saturn, Uranus, Nep-
tune) are shown in gray for comparison. Jupiter’s synchrotron emission (decimetric,
DIM) and thermal emission are also shown. Both are 4-5 orders of magnitude less
bright than Jovian cyclotron emission. Figure reproduced from [333]. DIM/thermal

emission measured by ground-based telescopes (VLA), lower frequency measured by
Voyager 2.

by Pioneer 10 and 11 [271, 270], Voyager 1 and 2 and Ulysses [56] as well as Galileo
[155]. Jupiter’s moon Io plays in modulating radio emission (see Section 1.2.4). The
following discussion focuses on using radio emission to infer magnetic field properties,
but it is important to note that the periodicity of radio emission allows for precise

measurement of planetary (or exoplanetary) rotation rate as well.

1.2.2 Characteristics of Planetary Radio Emission

Planetary radio emission is highly variable in time and frequency and circularly polar-

ized. The electron population that fuels CMI emission varies due to solar illumination,
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solar wind input (1.2.3), reconnection in the magnetic field, and the presence or ab-
sence of other plasma sources (1.2.4). Periodic temporal variation is imprinted on the
radio signal by the rotation of the magnetic field with the planet and the beaming
cone sweeping over the observer, much like a pulsar. The dynamic magnetic field
and changing particle population also causes spectral variation as emitting regions
turn on or off. These effects combine to generate complex structure in time-frequency

space.

The coherent cyclotron emission mechanism produces nearly 100% polarized emis-
sion [285, 331]. Right-hand circular polarization (RHCP) corresponds to a ‘north’
magnetic pole, left-hand circular polarization (LHCP) to a ‘south’ pole. Coherent
processes like the electron CMI are highly efficient at converting electron energy
into electromagnetic flux. Planetary CMI emission is therefore orders of magnitude
brighter than thermal emission or even synchrotron emission (Figure 1-3). Jovian
non-thermal radio emission often outshines the sun [336]. The favorable contrast ra-
tio between planetary emission and solar/stellar radio emission is a key advantage in

the quest to detect exoplanetary magnetospheric radio emission.

1.2.3 Effect of Solar Wind

The solar wind influences planetary radio emission in three ways: 1) delivery of
energetic charged particles into planetary magnetospheres, 2) compression of mag-
netospheres via kinetic and magnetic pressure, and 3) reconnection between solar
and planetary magnetic fields. Electrons delivered by the solar wind and accelerated
toward planetary magnetic poles by magnetic reconnection power CMI emission, es-
pecially at Earth. The influence of solar wind pressure on planetary radio emission is
quantified by the ‘Radiometic Bode’s Law’, an empirical relationship between input
solar wind power and output planetary radio flux [70]. The scaling relationship was
first developed using data for the Earth, Jupiter, and Saturn from Voyager 2 and was
then used to make predictions for the radio power Voyager 2 would measure when it

flew by Uranus and Neptune [72, 68, 197]. The Radiometric Bode’s Law takes the
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form of a power law:

Prad = GPwa (14)

where P,.q is the observed planetary radio power, P,, is the input solar wind power,
¢ is an empirically determined efficiency factor (~ 1075 — 107%), and z is the power
law index [91, 167]. In simple terms, the Radiometric Bode’s Law states that a
planet collects power from the solar wind across the solar-facing surface area of its
magnetosphere and some fraction of that power is converted into radio flux. Planets
that are close to the Sun experience a higher density solar wind and therefore emit
more radio power than a planet with a similarly sized magnetosphere at a larger
distance from the Sun. Higher density solar wind compresses magnetospheres, so, for

example, Jupiter’s emitted power would scale with Solar distance as (#/d,,, ).
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Figure 1-4: Radiometric Bode’s Law for solar system planets. Jp and Jgy are the
non-Io related decametric and hectometric Jovian emissions, while the point labeled
‘Io’ represents Io-driven Jovian emission. Figure reproduced from [337]

The Radiometric Bode’s Law uses an average or ‘steady state’ value for the solar
wind. The solar wind is highly temporally and spatially variable, however, especially
during coronal mass ejection (CME) events. Solar wind temporal /spatial fluctuations
are correlated with planetary radio power variations [103, 71, 69]. Solar wind vari-
ability drives non-periodic or quasi-periodic temporal variability in planetary radio
emission. CMEs are particularly strong density and velocity enhancements in the
solar wind. CME shock passages have been correlated with particularly strong plan-
etary radio emission [236, 123, 235]. Solar wind and CME enhancement of planetary
radio emission is an important consideration for exoplanet radio emission searches

(see Chapter 5).
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1.2.4 Effect of Moons

The previous sections have described radio emission that arises due only to the in-
teraction of a planetary magnetic field and internally generated plasma and/or solar
wind plasma. This section describes the influence of moons on planetary radio emis-
sion. Jupiter and its Galilean satellites provide the solar system’s best example of
this phenomenon. The influence of Io on Jupiter’s radio emission was first described
in [23] and expanded by [80]. lo’s extreme volcanism, caused by resonance-induced
tidal heating, expels large volumes of material into the Jovian magnetosphere. That
material is quickly ionized and forms the Io plasma torus. Some of this material
forms an electrical current, called the Io flux tube, that connects Io’s ionosphere with
Jupiter along a magnetic field line. The Io flux tube is responsible for a strong UV
auroral ‘footprint’ near Jupiter’s poles. It also contributes to strong auroral radio
emission. Europa, which has an induced magnetic field due to its subsurface salty
ocean, and Ganymede, which has an intrinsic dynamo, both interact with Jupiter’s

magnetic field and produce periodic enhanced radio emission as well.

Zarka (2007) [334] generalizes satellite interactions with a strongly magnetized
parent into two categories. The first category consists of unmagnetized or weakly
magnetized satellites (Io, Europa, Callisto). These bodies present an obstacle to
Jovian magnetic field lines as they move through Jupiter’s magnetosphere, causing
magnetic field lines to pile up in a ‘wake’ behind the satellite. Zarka calls this mode
of interaction a ‘unipolar inductor’. The second category consists of intrinsically
magnetized bodies with stronger magnetic fields (Ganymede). In this case, there is
magnetic reconnection between the satellite’s magnetic field lines and Jovian field
lines. This is classified as a ‘dipolar’ interaction. Zarka generalizes this approach to
planets and stars as well as satellites and planets. Interaction of either a ‘unipolar’
or ‘dipolar’ type drives radio emission on the primary (see [334] for formalism and
scaling relations). Jupiter’s Galilean moon system serves as model for potential in-
direct detection of exoplanetary magnetic fields via modulation and/or enhancement

of stellar radio emission.
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1.3 Detecting Exoplanetary Magnetospheres

The success of measuring Jupiter’s rotation and magnetic field strength using ground-
based radio measurements suggests that the same technique could be used to probe
exoplanet properties as well. Measuring the magnetic field of an exoplanet would
provide insight into the planetary interior where the field is generated, inform atmo-
spheric evolution models, and perhaps assist in determining habitability (see Section
1.4). Additionally, obtaining a statistical sample of planetary magnetic field proper-
ties would allow us to investigate the underlying physics of magnetic field generation

and time evolution for the full spectrum of planet sizes and compositions.

The ever-growing statistical sample of exoplanets has yielded new insights into
planet properties as a function of a wide range of variables. For example, the sam-
ple of exoplanets with precisely measured masses and radii suggests that there is a
breakpoint between planets with thin atmospheres (like the Earth) and planets with
thicker envelopes (more like Neptune) at ~1.5Rg[309]. This discovery was only pos-
sible through the accumulation of exoplanet measurements; the Solar System sample
does not contain any planets between 1Rgand ~4Rs. The study of planetary mag-
netic fields as a function of planetary properties (e.g. mass, surface temperature, age,

composition) is in its infancy because only the small Solar System sample is available.

Figure 1-5 summarizes Solar System planet magnetic fields as a function of mass.
B-field vs. mass is one of many possible representations of planetary magnetic field
properties as a function of planetary properties. The key observable quantity, the
cyclotron frequency that corresponds to magnetic field strength, is shown on the
right vertical axis. The region occupied by higher mass objects, brown dwarfs and
the lowest mass M-dwarfs, is shown in the upper right. One key question that can be
addressed by adding exoplanetary magnetic field measurements to this plot is whether
magnetic field strength is strongly correlated to planet mass from Jupiter-mass bodies
up to brown dwarfs or whether some other planetary property dominates instead.
Another key question, which will likely require space-based observations (see Chapter

7), is whether planets with masses between those of Earth and Neptune (super-Earths
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Figure 1-5: Schematic plot of Solar System planets’ surface magnetic field strengths
(left y-axis) and corresponding cyclotron frequency (right y-axis) as a function of
planet mass. Brown dwarfs and M-dwarfs have magnetic field strengths and emission
frequencies in the upper right region of the plot. The lower half of the plot (gray)
is inaccessible for ground-based instruments due to the Earth’s ionosphere. Values
for equatorial magnetic field strength of Solar System planets can be found in Table
1.1, references therein. The mass boundary for brown dwarfs (~13 M) is indicated
by the purple vertical line; the mass threshold for hydrogen fusion (~0.08 M) is
indicated by the red vertical line.
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and mini-Neptunes) have Earth-like strong, dipolar fields, or Neptune-like multipolar
fields. These questions can only be answered by measuring exoplanetary magnetic
fields and adding them to plots like Figure 1-5; this thesis is intended to lay the
groundwork for obtaining more data on (exo)planetary magnetic fields in order to

address the above questions.

1.3.1 Inferring Planetary Properties from Radio Timeseries

and Spectra

The history of solar system planet radio observations informs the physical properties
that could be inferred via radio detection of exoplanets. The magnetic field strength
of the planet can be inferred from the high frequency cutoff of the radio spectrum (Eq.
1.1). The observation bandwidth must be wide enough, or fortuitously located, in
order to capture the spectral cutoff. A timeseries of radio flux will yield the planetary
rotation period and may also reveal the orbital period of satellites (as with Jupiter-
lo), the planetary orbital period and/or the stellar rotation period. This technique
has been used to determine the rotation period of brown dwarfs [127]. Attributing
each period present in the timeseries would be aided by knowledge of some system
periods, e.g. the stellar rotation period from photometry or the planetary orbit
from radial velocity or transit measurements. In the case of tidally locked close-
in planets, the planet’s orbit and rotation period are the same, further reducing
ambiguity. A time baseline several times the longest period in the system is needed
to make a reliable periodogram, so again prior knowledge of some system parameters
is beneficial. Aperiodic variability may be attributed to stellar wind forcing. CME
passages are expected to generate brief, bright bursts. Higher frequency observations
of stellar radio emission, correlated with a delayed planetary burst, would be strong
evidence for a CME passage and would yield CME speeds. Less dramatic stellar
radio fluctuations that correlate with planetary radio fluctuations could be used to
measure the stellar wind speed by measuring the delay between the stellar event and

the planetary response.
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Polarization provides further information about the orientation of the planetary
magnetic field and also can be used to distinguish between stellar and planetary emis-
sion. Stellar quiescent emission is unpolarized and stellar bursts may be unpolarized,
partially polarized, or (occasionally) strongly circularly polarized, while planetary ra-
dio emission from CMI is expected to be fully circularly polarized all the time. Hess &
Zarka (2011) [135] use detailed modeling to demonstrate how left-hand vs. right-hand
circular polarization, as a function of time and frequency and in combination with
intensity, can be used to infer obliquity, dipole tilt, and orbital inclination. These
planetary properties are difficult to determine from other observational techniques
like transit or radial velocity. As with all observational work, more data yields more
planetary properties with smaller error bars.

Ideal radio observations for exoplanets should be continuous to avoid introducing
artifacts in the periodogram, wide band or multi-band to capture the high frequency
cutoff and perhaps stellar radio emission, finely sampled in time and frequency to
capture fine structure in the time-frequency dynamic spectrum, and polarimetric.
For the purpose of making a positive detection of exoplanetary radio emission, long,
if discontinuous time baselines and wide spectral coverage should be prioritized in
order to detect periodicity (or catch bright bursts that rise above the noise floor) and

maximize the likelihood of covering the high frequency spectral cutoff.

1.3.2 Past Radio Exoplanet Searches

Low frequency radio emission was put forth as an exoplanet detection technique even
before the first exoplanet was confirmed. Inspired by Jupiter’s radio brightness, Yantis
et al. searched nearby stars for radio companions using the Clark Lake telescope
in 1977 [329]. Winglee et al. conducted a similar survey with the VLA in 1986
[319]. Winglee et al. observed 6 nearby stars for 3.5 hours each with VLA 330 MHz
and 1.4 GHz, achieving noise levels of 30 mJy! and 300 uJy, respectively. Neither
survey yielded any positive detections, though one of the stars in the Winglee et

al. survey, Lalande 21185, is now known to have at least one planet [44]. Three

11 Jy = 10726 W/mQ-HZ
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months before the announcement of the first exoplanet [324], Bernard Burke, the
discoverer of Jupiter’s radio emission, used his closing remarks at Planetary Radio
Emission III to promote low frequency radio observation as both a planet detection

and characterization technique [40].

After the discovery of the first exoplanet around a sun-like star, 51 Peg, in 1995
[192] and subsequent hot Jupiters, Farrell et al. (1999) [91] published estimated flux
values for nine exoplanets based on Radiometric Bode’s Law and a scaling law for
planetary magnetic moments. This scaling law and variants are sometimes referred
to as ‘magnetic Bode’s law’ or Blackett’s law [24]. Based on an empirical correlation
between planetary angular momentum and magnetic moment for solar system planets,
‘magnetic Bode’s law’ suggests that a planet’s magnetic moment may be estimated
using planetary density, rotation rate, and core radius. The validity of this scaling
relation has been challenged [45, 50], but nevertheless it is often used in attempts to
predict exoplanetary radio flux. Bastian et al. (2000) observed seven of the planets
on with estimated fluxes from Farrell et al. (1999) and two additional objects using
the VLA [17]. Upgrades to the VLA allowed Bastian et al. to achieve better limits,
50 mJy, 1-10 mJy, and 20-70 pJy at 74 MHz, 330 MHz, and 1.4 GHz, respectively,
but again no detections were made. A VLBI campaign to perform astrometry for

exoplanet detection in the radio (5 and 8 GHz) also yielded no detection [176].

Lazio et al. (2004) [167] and Griessmeier et al. (2007) [120] significantly expanded
the list of exoplanets with radio flux predictions. These predictions launched many
targeted observing campaigns which focused on the exoplanets with the highest pre-
dicted fluxes, usually hot Jupiters. Observations of HD 209458 b and HD 189773 b
with the GMRT [171, 172], 7 Boo b with the GMRT [128] and WSRT [279], and HD
80606 b with the VLA [170] all yielded non-detections. The only hint of exoplanetary
radio emission was reported for an occultation observation of HAT-P-11 b [173] where
the radio flux appeared to decrease as the planet passed behind the star, though the
detection is marginal and has not, as of this writing, been replicated. Searches of
archival radio survey data have been carried out for 74 MHz VLSS [168], GMRT 150
MHz TGSS [265], and MWA GLEAM [208], none yielding detections. The survey
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searches are described in more detail and expanded upon in Chapter 3. Radio surveys
of known planets are in progress [5] or complete [186], again with no detections to

date. See Table 1.3.2 and Figure 8-4a for all available limits from literature to date.

1.3.3 Explaining the Lack of Detections to Date

Radio observations seem well suited to exoplanet detection/characterization for two
reasons: at low frequencies, the non-thermal emission from planetary CMI are highly
circularly polarized and therefore should stand out against background unpolarized
sources (including the host star), and planetary radio flux can be as bright as stellar
emission, providing a favorable contrast ratio. Some estimated exoplanet radio fluxes
are well within the capabilities of existing instruments (>1 Jy) Why, then, have there
not yet been any unambiguous detections of cyclotron maser emission from known
exoplanets?

Possible reasons for non-detection of exoplanetary radio emission to date include:

e Some, if not all, of the scaling laws used to predict exoplanet radio fluxes are
likely wrong. Inferring too much from the small sample of solar system planets
is risky, though the solar system is the only starting point available. Predicting
magnetic field strengths, which determine the high frequency spectral cutoff

and therefore the required observing frequency window, is especially difficult.

e There are no space-based low frequency radio telescopes, so presently only exo-
planets with magnetic fields equal to or stronger than Jupiter’s can be detected

at all (Chapter 7).

e if exoplanetary radio emission is bursty and beamed like that of the solar system
planets, observations to date may have simply missed it. If the Earth is not

within the emission cone, no radio emission will be observed.

e Large radio telescopes are oversubscribed and constrained by the horizon, so
very long, continuous observations are not possible for most objects. The Owens

Valley Long Wavelength Array (OVRO LWA) [126] is an important exception.
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Table 1.2. Exoplanet radio observations to date.

Planet Distance Mass Freq. Flux Telescope Ref Notes
(pc) (M) (MHz) (mJy)
Gl 411 b 2.5 0.01 1465 <0.069 VLA [17]
333 <12.0 VLA [17]
Gl 229 b 5.75 0.10 1465 <0.081 VLA [17] Recent RV
candidate [287]
333 <10.8 VLA [17]
Gl 229 B 5.75 ~40% 1465 <0.081 VLA [17] Brown dwarf via
direct imaging [213]
333 <10.8 VLA [17]
HD 98230 b 8.8 ~37% 74 <120.0 VLA [17]
55 Cnc b 12.53 0.80 1465 <2.04 VLA [17]
333 <12.9 VLA [17]
55 Cnc ¢ 12.53 0.16 1465 <2.04 VLA [17]
333 <12.9 VLA [17]
55 Cnc d 12.53 3.54 1465 <2.04 VLA [17]
333 <12.9 VLA [17]
55 Cnc e 12.53 0.03 1465 <2.04 VLA [17]
333 <12.9 VLA [17]
49.5 <230.0 LOFAR (289]
55 Cnc f 12.53 0.17 1465 <2.04 VLA [17]
333 <12.9 VLA [17]
v And b 13.47 0.67 1465 <0.063 VLA [17]
333 <6.0 VLA [17]
150 <9.0 GMRT [321]
v And ¢ 13.47 1.92 1465 <0.063 VLA [17]
333 <6.0 VLA [17]
150 <9.0 GMRT (321]
v And d 13.47 4.12 1465 <0.063 VLA [17]
333 <6.0 VLA [17]
150 <9.0 GMRT (321]
47 UMa b 14.08 2.55 1465 <0.093 VLA [17]
333 <33.0 VLA [17]
74 <228.0 VLA [17]
47 UMa c 14.08 0.55 1465 <0.093 VLA [17]
333 <33.0 VLA [17]
74 <228.0 VLA [17]
51 Peg b 15.36 0.46 1465 <0.099 VLA [17]
333 <5.4 VLA [17]
7 Boo A b 15.62 5.95 1700 <0.13 WSRT [279]
150 <1.0 GMRT [128]
74 <120.0 VLA [90]
70 Vir b 18.11 7.46 1465 <0.24 VLA [17]
333 <41.4 VLA [17]
150 <21.0 GMRT (321]
HD 189733 b 19.3 1.14 614 <0.16 GMRT [171]
244 <2.0 GMRT [171]
153 <2.1 GMRT [172]
HD 179949 b 27.55 0.90 150 <21.0 GMRT [321]
HD 162020 b 29.4 15.21 150 <21.0 GMRT [321]
HAT-P-11 b 37.5 0.08 150 3.87 GMRT (173] Detection
+1.29 (unconfirmed)
HD 114762 b 40.57 11.64 1465 <0.078 VLA [17]
333 <13.2 VLA [17]
HD 209458 b 49.6 0.69 150 <3.6 GMRT [172]
HD 80606 b 58.4 3.89 1465 <0.048 VLA [170]
330 <17 VLA [170]
2[17]
Note. — All limits are 30. Masses and distances from exoplanets.org [129] unless otherwise noted.
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There are two key observational challenges: the lack of extremely high sensitivity
low frequency telescopes and the need for advanced data reduction techniques to
mitigate man-made radio frequency interference (RFI) and ionospheric distortion in
such observations. Exoplanetary radio emission is very faint — even Jupiter’s radio
flux 10 pc would be undetectable with current telescopes (~1 pJy at 20 MHz). Highly
capable existing telescopes, such as the LWA [82, 126], MWA [179], LOFAR [65],
and planned telescopes, such as SKA-Low [73], offer improved sensitivity through
large collecting areas. Massive collecting area is of no use, however, if sensitivity is
limited by RFT or calibration deficiencies. This is currently the case for LOFAR’s low
frequency LBA (Ch. 2). Better calibration, especially for the effects of the ionosphere,

is critical to fully exploiting the capabilities of ground-based instruments.

1.4 Planetary Magnetic Fields and Habitability

The search for life beyond Earth, or at least habitable environments, is a major moti-
vation for exoplanet research. A discussion of the relationship between (exo)planetary
magnetic fields and habitability is therefore needed to place exoplanetary radio de-
tection efforts in a broader context. The purpose of this section is to address two
questions. First, is a magnetic field necessary for Earth-sized planets to retain an
atmosphere? Second, is a magnetic field necessary to protect surface or ocean life

from ionizing radiation?

1.4.1 Magnetic Fields and Atmospheres

This section focuses on whether and how planetary magnetic fields influence atmo-
sphere loss. Only Earth-sized, rocky worlds with relatively thin atmospheres (as a
fraction of planetary radius) are considered here. There are three such planets that
can be closely studied in this solar system: Venus, Earth, and Mars®. Unfortunately,

Earth, Mars, and Venus are each special cases in their own way and it is therefore

2Mercury is excluded since it has no atmosphere, though it does have a weak dynamo magnetic
field (Table 1.1).
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difficult to compare the influence of magnetic fields on the evolution of their atmo-
spheres. Nevertheless, they are the only well-studied sample of terrestrial planets

available presently.

Stellar Wind and CME-driven Atmosphere Loss

The relationship between planetary magnetic fields and atmosphere loss depends
strongly on the behavior of the host star. During the early lives of sun-like stars,
activity and EUV flux is significantly increased compared to the present-day Sun.
During the first 1 Gy of the Sun’s life, the EUV flux was likely 100 to 1000 times
greater than present [162]. This relative increase in highly energetic photons from
the sun would have driven increased photoionization of the terrestrial planet atmo-
spheres. Loss by hydrodynamic escape (atmospheric heating) is governed primarily
by the gravity of the planet rather than the magnetic field, so the increased EUV
flux during the early solar system is most useful to the question of magnetic fields
and atmosphere loss as a proxy for increased solar wind density. The mixing ra-
tios in the primordial (and perhaps secondary) atmospheres of the terrestrial planets
would have an influence on the ability of the thermosphere to cool, so understand-
ing the compositions of early atmospheres is key to estimating mass loss via thermal
processes.

Solar wind density appears to be positively correlated with EUV flux for younger
solar-type stars [162], so the terrestrial planets would have experienced a stronger
solar wind in the early Solar System. Higher solar wind flux should increase non-
thermal atmosphere loss processes (sputtering, ion pick-up, etc., see [263]). The
increased incidence of CMEs and flares from the young sun also contributes to a
harsher solar particle environment in the early solar system compared to present.
Observationally, variations in solar activity (and corresponding EUV and particle
fluxes) can serve as a proxy for early solar system conditions. CMEs are also useful
as examples of greatly increased solar wind density and speed. Results from Mars
indicate a correlation between solar activity and loss rates for heavy ions (O, O+)

[185]. Similar correlations have been observed at Venus with the same instrument
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[100].

CME-driven atmosphere loss has potentially dire consequences for exoplanets in
the habitable zones of M dwarfs. M dwarfs are significantly more active than solar-
type stars [312] and the conventional habitable zones (where liquid water could exist)
of these low-mass, dim stars are much closer to the star than for solar-type stars [151].
There is some debate in the literature about whether the increased rate of flaring,
which is likely accompanied by an increased rate of CMEs, would be detrimental to
the atmosphere of a hypothetical habitable zone planet. According to [258], the UV
excess from one of the strongest flares measured on an M dwarf would not cause
significant damage to a planets ozone layer and would not significantly increase the
UV flux at the surface for a long duration. Others, however, argue that increased
XUV fluxes would inflate the atmosphere of a habitable zone planet and lead to loss
of large volumes of atmosphere via ion pick up [153]. The dense plasma of a CME,
however, could have more significant effects on a habitable zone planets atmosphere
[153]. As is observed on Mars and Venus, CMEs could temporarily increase the rate of
atmosphere loss due to sputtering and ion pick-up for planets without global magnetic
fields and compress the magnetospheres of planets with dynamos so severely that a
large portion of the atmosphere would be exposed to the CME plasma, resulting in a

brief increase in atmosphere loss.

In general, planets with lower gravity and correspondingly low escape velocities
for atmospheric neutral molecules and ions are most vulnerable to stellar wind ero-
sion during the violent early phases of stellar evolution. If these small planets are
not surrounded by an intrinsic magnetosphere, the solar wind can interact freely with
their upper atmospheres in a manner not possible for planets with Earth-like dynamo
magnetic fields. In this way, it seems that strong intrinsic magnetospheres are some-
what protective for smaller planets. Unfortunately, small planets cool quickly and
therefore have more difficulty maintaining a strong dynamo field for geologically long
times (see Ch. 6), so the fate of their atmospheres depends on both the timescale of
their dynamo as well as the intensity of stellar activity and its rate of decline with

time.
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The “Hairdryer” and the “Funnel”

The previous discussion is based conceptually on the picture of the solar wind as a
“hairdryer” blowing away the atmospheres of planets not protected by magnetic fields
via non-thermal loss processes. Planets with large magnetospheres are ‘shielded’ from

the solar wind "hairdryer” and therefore have reduced atmosphere loss.

For planets with a magnetosphere, the Sun-facing area of the magnetosphere can
also be thought of as a “funnel” instead of a shield. The magnetosphere presents
a larger ‘cross section’ to the solar wind than the atmospheric body radius of the
planet and therefore collects more energetic particles. The magnetosphere acts like
a funnel, directing the energetic solar wind particles along planetary magnetic field
lines and into the magnetic poles of a planet, preferentially heating small sections of
ionosphere/atmosphere. For a planet without a large magnetosphere, the energy flux
of the solar wind is uniformly distributed over the surface of the atmosphere, but the
same flux (or more, considering that the ‘collecting area’ of a large magnetosphere
is greater than the diameter of the planet) is deposited in a smaller area, leading to

significantly increased heating.

Concentrated heating at the poles could increase the loss rate for heavier species
(O+) that would otherwise be gravitationally bound to the planet [34]. Such outflows
have been observed for the Earth and have increased in direct proportion to increased

solar wind energy flux [278].

The “hairdryer” and “funnel” conceptual pictures apply only to planets in the
super-Alfvénic regime of the solar/stellar wind (where the solar wind velocity exceeds
the Alfvén speed). A magnetosphere in a super-Alfvénic flow will form a bowshock,
as seen in Figure 1-1, left. Close-in planets orbiting stars with strong magnetic
fields (like many M dwarfs) are likely to be in a sub-Alfvénic regime at all times, or
oscillate between regimes as they orbit [54]. Without a bow shock, the concept of a
magnetospheric ‘shield” falls apart. In the sub-Alfvénic regime, planetary magnetic
field lines can freely reconnect with stellar field lines, providing an easy path for ion

escape. Ganymede is a Solar System example of a magnetized body embeded in the
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sub-Alfvénic region of a parent body’s magnetic field [155]. Several of the planets
in the TRAPPIST-1 system as well as Proxima Centauri b fall into this category
[105, 104].

Conclusion: Atmosphere Loss

Several key factors determine the extent to which a magnetic field provides shielding
to a planetary atmosphere: stellar age, stellar magnetic field, planetary orbit, and
planetary mass. Overall, young, small planets need magnetic fields to shield their
atmospheres more than larger planets in older systems. The study of magnetosphere
moderated atmosphere loss is replete with models, but data-poor. Detection (or non-
detection) of magnetic fields in Earth-sized planets coupled with detailed atmospheric
characterization is necessary to augment the limited Solar System sample of terrestrial

planets.

1.4.2 Magnetic Fields and Life

The previous subsection described the influence of planetary magnetic fields on at-
mosphere loss. When considering land-based life, the presence of an atmosphere is
critical since it shields the surface of a planet from ionizing radiation. Life in oceans is
somewhat different, although the maintenance of an atmosphere is probably necessary
for the survival of oceans. Life as we understand it needs a planet with atmosphere
and oceans, so the effect of the magnetosphere on life in bulk terms is indirect. The
magnetosphere certainly influences the atmosphere and oceans in complex ways and
therefore influences life on planetary timescales, although the geosphere is likely an
equally important factor in the maintenance of atmospheres and oceans.

Living things on Earth are vulnerable to ionizing radiation because it damages
cells and, critically, DNA. High flux of ionizing radiation to the surface of a planet
might also disrupt the origin of life by destroying critical biomolecules faster than
they can be created (assuming a sufacial origin for life rather than a deep see origin).

The following section addresses what effect a planetary magnetic field has on the
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penetration of ionizing radiation to the planetary surface and oceans.

Types of lonizing Radiation

Ionizing radiation comes in two forms: electromagnetic radiation more energetic than
visible light (photons) and energetic particles. Electromagnetic ionizing radiation is
not affected by magnetic fields; it is absorption and scattering in the atmosphere
that control how much ionizing electromagnetic radiation reaches a planet’s surface.
The presence or absence of a planetary magnetic field therefore only affects the flux
of ionizing electromagnetic radiation indirectly by influencing the evolution of the

planetary atmosphere (Section 1.4.1).

Energetic particles may be either charged or neutral. Neutral particles, like neu-
trons, are not influenced by magnetic fields®. Energetic charged particles, electrons
or ions, are therefore the only form of ionizing radiation that is directly influenced by

magnetic fields.

Sources of Energetic Charged Particles

There are three sources of energetic charged particles that are relevant for terres-
trial planets: galactic cosmic rays, solar energetic particles, and radiation belts [60].
Galactic cosmic rays (GCR) are extremely energetic atomic nuclei that have been ac-
celerated by astrophysical processes (supernovae, pulsars, black hole jets, etc.) outside
of the Solar System [93]. Solar energetic particles (SEP) are electrons, protons, and
some heavier ions accelerated by solar flares. Radiation belts, or Van Allen belts [292],
are regions within a planetary magnetic field where energetic particles are trapped.
Radiation belts are an important source of energetic particle flux for moons orbiting

inside the magnetosphere of their host planet (e.g. Europa, Ganymede).

3Except in the case where the energetic neutral is generated by a charge exchange process in the
ionosphere/magnetosphere.
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Layers of Shielding: Astrosphere to Ocean

The solar/stellar magnetosphere (heliosphere/astrosphere) is the first line of defense
against GCR. Even a relatively weak stellar magnetic field can bend the trajectories
of lower energy GCR around the astrosphere and away from any planets orbiting
the star. The rigidity, or momentum to charge ratio, of a GCR (or any other en-
ergetic charged particle) determines how much deflection is caused by a magnetic
field [60, 290]. Astrospheres can be compressed by passage through dense interstellar
clouds; in an extreme case, planets normally protected by an astrosphere could be
left outside of the compressed astrosphere and directly exposed to GCRs [60, 269].
The influx of GCRs onto a planetary atmosphere like the Earth’s (assuming a weak
or non-existant planetary magnetic field) could have profound effects on atmospheric
chemistry, particularly ozone [60, 229]. M dwarfs, which generally have stronger

magnetic fields than solar-type stars, are less vulnerable to ‘astrospheric collapse.’

A planetary magnetosphere is the next line of defense against GCRs that penetrate
the astrosphere as well as internally generated SEPs. Similar to the astrosphere, a
planet’s magnetosphere will have a magnetic latitude-dependent rigidity cut-off [290],
preventing some energetic charged particles from reaching the atmosphere. Planets
without a magnetic field will therefore experience a larger flux of energetic particles
at the top of their atmospheres. The strength of the magnetic field determines the
level of shielding [60, 119].

A planet with a compressed magnetosphere due to high stellar wind ram pressure
will also lose some protection as there is less space for the magnetic field to deflect
the energetic particles’ trajectory away from the planet, though this appears to be
a secondary affect compared to the influence of intrinsic planetary magnetic field
strength [118]. A weak or non-existent planetary magnetic field leaves the atmosphere

vulnerable to ozone destruction due to high energetic particle flux.

The neutral atmosphere itself provides the last layer of shielding before energetic
charged particles can reach the surface. Most incident energetic particles hit an at-

mospheric molecule and cause a cascade of secondary particles [93], which themselves
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may be ionizing. The thickness of the atmosphere determines how much ionizing
radiation (either primary from incident particles or secondary from particle showers)
reaches the surface; on the Earth, there is a measurable difference in the radiation
dose received at altitude (on a mountaintop or airplane) versus at sea level. For sea
life, ocean water provides additional shielding. The oceans beneath icy worlds, like
Europa or Enceladus, are therefore well shielded from GCRs, SEPs, and the radiation
belts of their host planets.

All relevant ‘shields’ described above vary with time, often periodically. The
extent of the astrosphere varies as a star traverses the variable density interstellar
medium and also as the stellar magnetic field varies periodically (e.g. solar cycles)
and with stellar age. Planetary magnetospheres may turn on or off or reverse with
time. Stellar SEP flux varies with magnetic cycles (timescale of years) and on shorter
timescales with magnetic activity like flares. In order for life to gain a foothold and
develop in complexity, it must be robust to the inevitable variability in the ionizing
radiation flux at the surface of a planet. Ocean-based life is particularly insulated
from ionizing radiation.

The energy spectrum of incident charged particles, which is modified by the as-
trosphere, stellar activity, and the planetary magnetic field (if it exists), and the
atmospheric thickness are the key parameters that determine the flux of ionizing

charged particles at a planet’s surface.

1.4.3 Conclusion

The relationship between planetary magnetospheres and life is complex and poorly
understood even for the Earth and terrestrial planets. Available data and theoretical
modeling indicate that planetary magnetic fields do play a role in determining whether
life can develop and thrive on a planet. There is no simple binary answer, however, to
the question of whether magnetic fields are required for habitability. The full context
of a planetary system, including the stellar age, magnetic field, and activity level as
well as the planetary mass, orbit, atmosphere, and geophysics must be considered

holistically alongside the presence or absence of a planetary magnetic field to deter-
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mine whether the planet in question has conditions favorable for the development of
life. Teasing out the conditions under which a planetary magnetic field is essential for
habitability will require more data. Coupling magnetic field measurements of terres-
trial planets with atmospheric mass and composition from spectroscopy will be a key
step towards understanding the interplay between magnetic fields and atmospheric
evolution. Radio measurements of exoplanetary magnetic fields are therefore a key

component in the quest to understand how to build a habitable planet.
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Chapter 2

Methods

This chapter provides an overview of the process that converts incoming electromag-
netic radiation at radio wavelengths into interferometric visibilities and then images.
I describe the particular challenges of exoplanetary radio observations (Section 2.2)
and attempts to address these challenges (Section 2.2.2), including my work on orbital
phase targeting. The specifics of standard data reduction for two interferometers used
in the following chapters, VLA and LOFAR, are described in detail (Sections 2.3, 2.4).
The particular challenge of the ionosphere for large, low-frequency interferometers is
described in Section 2.5. Future prospects for ground-based observation are explored

in Section 2.7.

2.1 Standard Radio Astronomy Data Reduction

Detecting exoplanetary radio emission, either from the ground or from space, requires
detailed understanding of the radio data processing pipeline. The purpose of this
Chapter is to describe the critical steps in the data acquisition and analysis chain
and highlight the special processing needs of exoplanet observations. Understanding
and quantifying noise sources, instrumental effects, source contamination, etc. is
critical to obtaining useful results. Recent advances in exoplanet science have been
the result of massive efforts to improve data reduction, interferometric imaging, and

image deconvolution. The Kepler [143] and HARPS [250] data processing pipelines
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are prime examples.

The first step in low frequency radio astronomy is to use an antenna to convert
EM waves into measurable voltages. In optical, IR, and high-frequency radio astron-
omy (mm/submm), parabolic reflectors are the antennas of choice to collect and focus
energy onto a detector. At lower frequencies, however, the */p relationship between
collecting area size (dish/reflector size) and angular resolution implies requirements
for very large dishes to obtain even relatively modest resolution. It is often more
cost-effective to use simpler antennas with relatively large main beams. For antennas
that are electrically small (physically smaller than ~1/4)), the effective collecting area
Acpp = N/, where Q is the solid angle of the primary beam. Simple antennas, such
as dipoles, can be arrayed to form interferometers for improved angular resolution.
Regardless of the antenna chosen, in a modern system the analog voltages gener-
ated by incoming EM radiation are amplified and filtered before being digitized by an
analog-to-digital converter (ADC). The number of bits required for the ADC depends
on the frequency, purpose of the observation, and RFI environment. For some inter-
ferometric applications, a single bit is sufficient; for others, particularly observations

with strong terrestrial interference, more bits are needed for higher dynamic range.

Digitized antenna voltages are either stored or sent directly to a correlator. For
large interferometric arrays with high bandwidths, like the VLA or GMRT, the data
volume from the antennas has generally been too great for intermediate storage and
must be sent directly to the correlator to be processed in real time. Smaller arrays
are able to store the raw voltage data for later processing while larger arrays must
correlate in real time to produce manageable output data rates. Having access to the
raw voltage data (along with necessary metadata) rather than correlator-generated
visibilities allows for a wide variety of post-processing options. Raw data can be fully
cross-correlated for full-beam imaging, or antenna-specific phase delays can be added
to image a small patch of the main beam. Single-antenna data analysis can also be
performed if the raw voltages are available. This is valuable for understanding the RF1T
environment or identifying instrumental artifacts (e.g. broken antennas, amplifiers,

cables, etc.).
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Whether correlation happens during an observation or later from stored data, the
output of correlation is a set of complex visibilities. Typically, correlators transform
voltage data into the Fourier domain using an FFT and then perform the cross-
correlations in a set of narrow frequency channels. The resulting visibilities corre-
spond to the correlation of two antennas (a baseline) at a specific time and in a
narrow frequency channel. The number of visibilities is the number of baselines (ny;)
multiplied by the number of frequency channels and number of integrations (%) in

the observation.

to s Nant\Mant — 1
Visibility Data Size = ny; - Nepan - t_b’ where ny = % (2.1)
int
This is a significantly smaller data set than the input voltage data, which is
. . tobs
Raw Data Size = ngpnt - Npor - bitsapc - 28 - (2.2)

int

where 1,y is the number of polarizations, bitsapc is the precision of the ADC, and
the minimum Nyquist sampling rate of 2x the observation bandwidth is used. Most
correlators for radio astronomy applications are ‘FX’ correlators, meaning that the
correlator first converts the voltage data into the frequency domain using an FFT,
then performs the cross-correlation in a set of narrow frequency bands (channels).
After visibilities are generated by the correlator, the calibration process begins.
Before beginning calibration, bad data, due to RFI, antenna shadowing, bad receivers,
correlation errors, etc., must be removed. This step is referred to as flagging and may
be done manually by visual inspection or automatically via statistical methods. RFI
is particularly problematic a low frequencies, so great care must be taken in excis-
ing RFI from low frequency data sets. Once flagging is complete, calibration begins.
Typically, one or more flux calibrators (bright astronomical sources with known spec-
tra and absolute flux values) and phase calibrators (to account for instrumental and
ionospheric gain/phase drifts) are observed before and/or after the target object is

observed. This is somewhat analogous to the use of flats, darks, biases, standard
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stars, and reference stars to calibrate optical astronomy images. The theory and
practice of ‘standard’ interferometric data reduction can be found in, for example,
(284, 282] and will not be reiterated here. Note that flagging can calibration are often

iterated as needed to obtain clean calibration solutions.

When flagging and calibration are complete, the visibilities are ready to be con-
verted into an image. This is accomplished through an inversion, most often spatial
Fourier transform, of the visibilities (from the UV plane to the sky plane) and the
deconvolution and iterative subtraction of the interferometer beam. The direct spa-
tial transform of the visibility data produces a “dirty map” which is a convolution
of the sky intensity map and the interferometer beam. The most commonly used
algorithm to deconvolve the beam from the sky intensity pattern is called CLEAN
[136]. CLEAN is implemented in most radio astronomy software, including the stan-
dard package CASA. In brief, the CLEAN algorithm assumes that the sky image is
composed of point sources. It selects the brightest point on the map and places the
interferometer beam at that point. It then subtracts the beam pattern from the dirty
map. It repeats this process iteratively until a threshold is reached. The locations of
the ‘point sources’ identified by clean are then used to reconstruct an image which
represents the true sky intensity distribution. The flagging-calibration-CLEANing se-
quence is often repeated until the desired image quality, often quantified by the RMS
image noise, is achieved. The final image, or intensity map, may then be analyzed
further to answer relevant scientific questions about the target (e.g. properties of the

source region, spatial distribution of material, etc.).

My work, described in the following sections, has focused on the latter stages of
the interferometry data processing pipeline. The data obtained from LOFAR was pre-
calibrated and flagged, although some additional flagging was required. The majority

of effort was in imaging the data and analyzing the resulting images.
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2.2 Unique Considerations for Exoplanet Searches

2.2.1 Challenges

The search for exoplanetary radio emission presents unique challenges when compared
to ‘traditional’” extragalactic radio astronomy. ‘Traditional’ targets of radio observa-
tions are large radio galaxies outside of our own galaxy or slowly evolving sources
like supernova remnants within the galaxy. Most such sources, or sources that are
prototypes of an object class, can be observed with single dish telescopes, providing
absolute flux measurements via Dicke switching [76]. More importantly, most ‘typ-
ical’ radio astronomy targets do not exhibit rapid variability in time or frequency,
so long integrations, Earth rotation synthesis (where the u,v plane is filled in over
time as Earth rotates the array), or stacking of observations over months or years
maybe employed. In many cases, models already exist for known sources that need
only be refined and updated with new data. In short, galactic/extragalactic radio
astronomers usually know where their sources are, roughly how bright they are, and
their morphology!. Exoplanet radio observers enjoy none of those advantages.

In the case of exoplanetary radio emission, there is no prior knowledge of the
brightness or spectrum of exoplanetary radio emission. Indeed, the goal is to discover
these properties if the source can be detected at all. Since the expected flux at any
given time is not known, it is difficult to determine whether a non-detection means
that the target has no magnetic field or rather if the noise level of the observation
is just too high to make a detection. Similarly with frequency, it is always possible
that the source is emitting, but at frequencies outside of the observing window. See
Section 1.3.3.

Since no exoplanetary radio emission has been detected to date, the current ‘best
guesses’ for the characteristics of exoplanetary radio emission come from observations
of solar system planets, especially Jupiter and Saturn, observations of radio stars and
brown dwarfs, and solar radio emission. Predictions from this observational founda-

tion are described in the previous chapter. In short, exoplanetary radio emission is

!The exception to this generalization is the production of sky surveys.
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expected to be:

e Temporally variable on multiple timescales (magnetospheric Alfvén timescale,
planet rotation period, planet orbit period, stellar rotation period, stellar mag-

netic cycle period)
e Variable in flux by orders of magnitude with time
e Spectrally variable
e Highly polarized

e Low frequency, <100 MHz (though large uncertainties and difficult to predict
peak frequency)

e Strongly beamed in many cases

Exoplanet radio observations should therefore be optimized for sensitivity (since sim-
ple scaling estimates from Jupiter to stellar distances suggest weak signals), time
coverage, bandwidth, and polarization. Given the constraints on oversubscribed ob-
servatories and physical constraints on, for example, bandwidth, it is difficult to
optimize all of the above in the same observation. In the chapters that follow, ob-
servations have been designed to emphasize wide frequency coverage using multiple

observatories, sensitivity to time/frequency variability, and sensitivity.

2.2.2 Approaches

Previous radio searches for exoplanetary emission fall into four broad categories: sur-
veys, interferometric observations, especially of hot Jupiters, beamformed observa-
tions, and interferometric observations targeting specific orbital phases. Past surveys
are described in Section 1.3.2; an archival survey is described in Chapter 3, and an
ongoing multi-wavelength survey is described in Chapter 4. In the category of tar-
geted interferometric observations of known exoplanets, hot Jupiters like HD 209458
b, HD 189733 b, v Andromeda, and 7 Bootis have been popular targets because their

size implies they may have Jupiter-like magnetic fields and their proximity to their
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host stars provides high density stellar wind and the potential for star-planet inter-
action (see [128, 169, 268, 108, 252]). Some of these observations have attempted to
planetary occultation to search for a dip in radio flux from the direction of the system
while the planet is behind the star [173]. There have been 14 regular and Director’s
Discretionary Time (DDT) proposals to LOFAR alone (including four described in
this work) requesting exoplanet radio observations, though little has been published
to date, likely because of the difficult and time-intensive nature of LOFAR data re-
duction. Observations targeting hot Jupiters usually aim for long integration times

to maximize sensitivity.

Beamformed observations, where an interferometric array is phased up so that it
acts like a single large telescope, have been used for targeted exoplanet radio emission
observations as well. Beamformed observations are often used for pulsar studies, so
the extension to exoplanetary radio emission, which can be thought of as pulsar-like
in terms of beaming, is a logical step. Beamformed observations also have the advan-
tage of high time and frequency resolution which produces a potentially information-
rich dynamic spectrum of the target location instead of an interferometric image.
Beamformed observations can suffer from RFI contamination, so multiple beams on
a calibrator, an empty part of the sky, and the target are used. For examples of
beamformed exoplanet observations, see [322] (GMRT) and [288] (LOFAR for 55 Cnc
e).

The approach described and implemented in this work is orbital phase target-
ing. This approach emphasizes observations at key orbital phases of known planets
when radio emission is predicted to be strongest. Lazio et al. [168] pioneered this
approach for HD 80606 b (see Chapter 5), focusing observations on the time before
and after planetary periastron when high density stellar wind is predicted to amplify
planetary radio emission to the point where it could be detectable. Similar orbital
phase targeting was used to design an observation campaign for two other eccentric
Jovian planets (Section 5.6.2). The TRAPPIST-1 observations used a different form
of orbital phase targeting; they focused on the quadrature points of the orbit where

star-planet interaction of the Io-Jupiter type was most likely to be visible at Earth. A
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key advantage of orbital phase targeting is that it maximizes the chances of detection
(assuming emission models are correct) given constraints on observing time. For hot
Jupiters in circular orbits, it is less clear when emission is expected to be strongest
since the stellar wind density doesn’t change with orbital phase as it does for eccentric
planets. Quadrature phases may provide good times to look for emission from hot
Jupiters as well if star-planet interaction is expected. Of course, observing before,
during, and after planetary occultation is another form of orbital phase targeting.
The importance of selecting nearby targets due to the low radio flux levels expected
from exoplanets is also emphasized in this work.

No exoplanetary radio emission has been detected with high confidence to date,
so there is not yet any evidence to support one observation strategy over another.
Ultimately, each observation strategy may be optimal for a subclass of planets —

time will tell.

2.3 VLA Data Reduction

2.3.1 VLA Telescope

Karl G. Jansky Very Large Array (VLA) is located in the New Mexican high desert
near Socorro. It is composed of 27 25-m dishes arranged in a ‘Y’ configuration to
maximize snapshot (u,v) coverage. The antennas are on specialized railroad tracks
so that the array can be configured for compact, intermediate or long baselines.
The VLA rotates through four standard configurations, A, B, C, and D. The D
configuration is the most compact, while the A configuration is the most extended.
The VLA operates 10 frequency bands ranging from 74 MHz to 50 GHz. See Table
4.1 for the bands relevant to this work.

2.3.2 Calibration

The VLA, like most radio interferometers, observes well-characterized, bright sources

to calibrate flux and phase. VLA observations are usually interleaved; a calibrator is
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observed periodically throughout the target observation to update gains and phases.
The VLA observes a bright flux calibrator and then (usually) a different phase cali-
brator close to the target field. In the case of the data described in Chapter 4, the flux
calibrator and phase calibrator where observed before the target observation. The
target observations were not long enough to require multiple flux/phase calibrator
observations.

The VLA has a standard calibration pipeline that works well for most observa-
tions above 1 GHz. The pipeline is based on CASA [194] and performs all steps
necessary to go from raw data to ‘image ready’ visibilities. The pipeline does flag-
ging, flux/bandpass calibration, gain/phase calibration, applies solutions and weights
to the target data, and produces inspection plots [295]. Of the 36 observations (L/S-
band) described in Chapter 4, only one observation failed pipeline calibration and

had to be discarded.

2.3.3 Imaging and Analysis

Target field imaging was performed in CASA using the CLEAN algorithm. Imaging
and analysis were scripted in python for consistency and convenience. All images
were 1024 x 1024 pixels. CLEAN was run in multi-frequency synthesis (MFS) mode
with Briggs weighting [36] (robust=0.5). Both Stokes I (total intensity) and Stokes
V (circular polarization) were imaged. The pixel size for each image was set so that
there would be approximately four pixels across the synthesized beam. Since the size
of the synthesized beam changes with frequency, images at different frequencies were
different angular sizes even though they had the same number of pixels. No CLEAN
mask was used.

Each observation was imaged in its entirety (full bandwidth and time) for max-
imum sensitivity and then was imaged in smaller time/frequency chunks to assess
time/frequency variability. The imaging script had four imaging modes: Full time
and bandwidth, imaging per spectral window with full time (used to make spectra),
imaging per timestep using the full bandwidth (to make lightcurves), and imaging a

set of time and bandwidth cells (used to construct a rough dynamic spectrum). The
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timesteps were 30 seconds and 1 minute. Self-calibration was not employed since the
noise levels in the full time/bandwidth images were reasonably close to the theoretical
VLA noise calculations?.

After imaging, the resulting images were run through an analysis procedure to
extract fluxes for the target and reference sources and to assess the image noise floor.
Statistics for each image were extracted from the residual using CASA imstat (). Next,
CASA imfit() was used to fit known sources and extract flux measurements. A list
of known radio sources in the field of view (FOV) of each image was generated from
NVSS via VizieR [220] and python astroquery. The position of each target was
calculated for each target at the time of observation based on the measured proper
motion available in SIMBAD [310]. Since all the targets are nearby, they have high
proper motion and in some cases moved more than a full synthesized beamwidth from
their J2000 position by the date of the observation. Both CASA imfit () and PyBDSF?
[198] were used to fit for sources in a subregion (100 x 100 pixels) centered on the
target position at the time of observation. Two different tools were used for target
source fitting since visual inspection revealed that CASA imfit() was missing real
sources, especially in Stokes V. Finally, noise statistics were collected via imstat ()
for a subregion of the residual at the center of the image to establish the noise floor
at the location of the target (used for setting upper limits). The 100 x 100 target

subwindows were exported as PNG files for easy visual inspection.

2.3.4 Successes and Challenges

The time/frequency imaging of the VLA data was effective in producing both light
curves and spectra when emission was present (as in the case of Ross 614, Section
4.4.2). See Figure 4-5. Imaging in Stokes V as well as I enabled polarization fraction
measurement for the Ross 614 emission. Automated source identification and flux

measurement using the results of both imfit() and PyBDSF was effective based on

2See https://obs.vla.nrao.edu/ect/.
3Available at https://github.com/lofar-astron/PyBDSF, documentation available at http://
www.astron.nl/citt /pybdsf.
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visual inspection spot checks. Scripting the entire imaging and analysis procedure
allowed for quick iteration while maintaining consistency across all observations.

Further analysis of the nature of the Ross 614 emission would have benefited
from a dynamic spectrum (time vs. frequency) with high resolution. The shape of
features in dynamic spectra of solar and planetary radio bursts are diagnostic of the
process involved and the type of emission. Though the time/frequency cell imaging
was intended to produce a very coarse dynamic spectrum from the interferometric
data, the resolution was not high enough to see any identifiable features. Attempts to
increase the resolution by decreasing the cell size failed because there was not enough
signal available in the smaller cells to produce reliable detections.

Solar radio flares are often observed using either a single dish or an interferometer
operating in beamforming mode; both will produce a dynamic spectrum with high
time/frequency resolution. See [299] for a study specifically targeting stellar flares
with the VLA. As mentioned in Section 2.2.2, the dynamic spectrum approach has
been suggested for exoplanet radio observations as well. Ideally, both beamformed
and interferometric data for the same target would provide maximum information on

stellar radio bursts like those observed for Ross 614.

2.4 LOFAR Data Reduction

LOFAR (Low Frequency ARray) is a newer telescope than VLA and it faces consider-
able challenges in ionospheric calibration (Section 2.5). The data reduction strategy
for LOFAR is more involved and still evolving when compared the the VLA pipeline

described above.

2.4.1 LOFAR Telescope

The LOFAR (LOw Frequency ARray) telescope is located in the Netherlands, with
its core near Exloo. LOFAR is two telescopes in one: the Low Band Antenna/Array
(LBA), which operates from 10-90 MHz, and the High Band Antenna/Array (HBA),
which operates from 120-240 MHz. The gap between the LBA and HBA is the FM
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Figure 2-1: LOFAR core stations. LBA stations are circled in red.

radio band, where astronomical observations are impossible in or near populated ar-
eas. The telescope is hierarchical; a set of 96 (LBA) or 24/48/96 (HBA, core, remote,
international) dipole antennas (Figure 2-2) are beamformed (digital for LBA, analog
for HBA) and electronically steered so that they act as a single station analogous
to a single VLA dish. The signals from all stations participating in an observation
are then cross-correlated at a central location. There are 18 stations of each type
(LBA/HBA) in the telescope core, providing a large number of short baselinse (Fig-
ure 2-1), 18 remote stations of each type spread throughout the Netherlands, and
12 international stations located in Germany (6), France (1), Sweden (1), England
(1), and Poland (3). A new international station currently is under construction in
Ireland and another is planned for Latvia. Only the core and remote stations in the

Netherlands were used for observations in this work.
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(b) HBA tile (background) and dipole (fore- (¢) Inside of an HBA tile
ground)

Figure 2-2: LOFAR LBA (top) and HBA (bottom) dipole antennas. The LBA dipoles
are tensioned between ground stakes and a central pole that has the amplifier at the
top. The central pole and dipoles sit on top of a metal ground screen. The HBA
dipoles are encased in rectangular styrofoam ‘tiles’ (¢) and covered with weatherproof
tarps for protection from the element (b, background).

The LOFAR LBA is the most sensitive telescope in the world below 100 MHz due
to its large collecting area. High sensitivity at low frequency makes LOFAR LBA ideal
for exoplanet observations because it covers a range of frequency that corresponds to
modest magnetic fields (Eq. 1.1) and has the best sensitivity available. The LBA
is therefore the focus of the following discussion since it was the antenna set used
for the observations described in Chapter 5. Both HBA and LBA were employed for
TRAPPIST-1 observations (Chapter 6), but HBA data analysis is still in early phases

and will not be discussed in this work. See [296] for an overview of the current state
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of the art for HBA calibration and imaging.

The LBA uses only half of the antennas (48 out of 96) in a station for each ob-
servation due to hardware constraints. Fully utilizing all 96 antennas in each station
would increase the sensitivity of the LBA by a factor of 2, which would aid in iono-
spheric calibration (see Section 2.5); upgrading the hardware to enable the use of
all 96 antennas is under consideration for the ‘LOFAR 2.0’ upgrade. For all of the
observations described in this work, the outer set of LBA antennas were used in each
station in order to have the narrowest station primary beam possible to minimize

contamination from bright sources in the primary beam sidelobes.

2.4.2 Calibration

LOFAR LBA takes advantage of digital beamforming to place one beam on a cal-
ibrator source and another on the target field simultaneously. This allows for the
calibrator’s flux to be monitored throughout the target observation. Such simulta-
neous, continuous calibrator monitoring is not possible for dish arrays that have to
physically move to point to a source. There are a small number of calibrators bright
enough to be used by the LBA: 3C196, CygA, 3C380, and 3C295. The brightest
available calibrator that will be at high elevation throughout the target observation
is usually chosen. Because there are so few suitable calibrators, the calibrator for any
given observation may be far from the target field. For this reason, LBA calibrators
are only used for flux (bandpass) calibration and to correct clock drift between sta-
tions (20-100 ns*). Clock drift is the result of the core stations and remote stations
using clocks that are not perfectly synchronized. Phase calibration on the target field
relies on a global sky model of the field rather than the calibrator phases.

Before proceeding to calibration, LOFAR data is pre-processed by the observa-
tory®. Pre-processing involves several rounds of flagging to excise RFI, edge channels,

autocorrelations, and other bad data, demixing of bright radio sources, and usually

4http:/ /www.ira.inaf.it /meetings/MKSP2013/MKSP _pdf/Drabent.pdf

°In the case of the HD 80606 b data from Cycle 0 (see Ch. 5), the raw data was available in the
LOFAR archive and was re-pre-processed in order to fix problems with flagging and overenthusiastic
averaging in the original observatory pre-processing.
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averaging (see [131]). The demixing process simulates the effect of bright radio sources

)

(the ‘A-Team’, so called because all the sources have ‘A’ in their names, e.g. CygA,
CasA, TauA) and then subtracts the simulated visibilities due to those sources from
both the calibrator and target visibilities (see [294]). Without demixing, visibilities
(especially for faint targets) are dominated by flux from the A-Team (mostly CasA,
CygA) even when the A-Team sources are far from the phase center of the observa-
tion. The final averaging step in time and/or frequency reduces the size of each data
file, allowing for more efficient storage, faster transfers, and manageable runtimes for
the subsequent reduction steps. Most LOFAR LBA data in this work was averaged
from a raw 64 channels per subband and 1 second integration time to 8 channels per
subband and either a 1 second or 5 second integration time. Short time integration

and high frequency resolution are necessary in order to calibrate for rapid ionospheric

fluctuations that are strongly frequency-dependent.

The calibration strategy and pipeline for LOFAR LBA are under active devel-
opment. The current strategy, and the one used in this work, has been developed
by F. de Gasperin and adapted to the LOFAR generic pipeline framework® by A.
Drabent. The Pipeline for LOFAR LBA (PiLL)" has three steps: calibrator calibra-
tion, skymodel-based target field calibration, and target field self-calibration.

The calibrator portion of the pipeline uses a detailed model of the calibrator to
solve for time- and frequency-dependent amplitude gains and determine the shape
of the instrument bandpass as a function of time. At LBA frequencies, the iono-
sphere induces small, rapid fluctuations in the observed calibrator flux. In order to
transfer amplitude solutions to the target field that do not depend on the ionosphere
in the direction of the calibrator, the amplitude solutions are averaged before being
transferred. See Figure 2-3. PiLL then calculates the phase changes in the calibrator
field due to clock delay, Faraday rotation, cross-delay between antenna polarizations®,

and ionospheric TEC (total electron content) as a function of frequency and time.

6See http://www.astron.nl/citt/genericpipeline/.

TAvailable at https://github.com/lofar-astron/PiLL.

8Cross delay is the phase delay between the ‘XX’ and ‘YY’ antenna polarizations. The physical
source of this delay is unclear and is currently under investigation.
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Though only the clock delay is transferred to the target field, all phase effects must
be calculated and then disentangled to isolate the clock delay. The TEC solutions
also give an indication of the ionospheric conditions during the observation. If the
calibrator solutions show that ionosphere is particularly turbulent, an observation
can be discarded before time is invested in attempting to calibrate the target field.
Flagging of the data itself as well as the gain solutions happens at each step of the

calibrator pipeline.
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(a) Time-dependent amplitude solutions

freq [MHz] freq [MHz] freq [MHz] freq [MHz] freq [MHz]

freq [MHz]
N N T R TR R T

0 1 5 6 1 2 3 4 5 6 1

time [hr]

56 1 2 3 456 1 2 3 456 1 2 3 45 6
time [hr] time [hr] time [hr]

23 4 2 3 4
time [hr] time [hr]

(b) Time-dependent amplitude residuals

Figure 2-3: PiLL calibrator amplitude solutions (top) and residuals (bottom). Red is
higher relative amplitude, blue is lower. The LOFAR LBA bandpass peak at ~60 MHz
is clearly visible. Each box represents one LOFAR LBA station; they are arranged
with the stations closest to the core at top left, most distant at bottom right. The
residuals are the result of subtracting an average bandpass solution that is transferred
to the target from the time-dependent bandpass solutions. The calibrator is 3C196
and the data are from HD 80606 Cycle 0 observations after re-pre-processing the raw
data. One station shows anomalous bandpass behavior (RS310) and was flagged for
the next pipeline steps so as not to introduce large amplitude errors. White spaces
represent flagged data. These plots are a standard output of the PiLL pipeline.
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Amplitude and clock delay solutions are transferred to the calibrator field for
the next step: skymodel-based target field calibration. Calibrator Faraday rotation
and TEC phase solutions are not transferred since they depend on the ionosphere in
the direction of the calibrator, not the ionosphere in the direction of the target. A
skymodel of all known sources in the target field is generated from the TGSS survey
[140]. That model is used in a manner similar to the calibrator model to estimate
what the complex visibilities ‘should” be and then, using the difference between the
predicted and measured visibilities, calculate Faraday rotation and TEC. Since there
are unlikely to be many bright sources in the target field, multiple subbands (10, in
this work) are concatenated together to increase the bandwidth and therefore the
signal to noise for phase calibration.

Self-calibration of the target field is the newest addition to the PiLL pipeline®. The
target field is imaged using WSClean'® [223], a model is extracted, and phase solutions
are adjusted based on the model components found in the image. Several rounds
of this direction-independent process can yield 25-50% improvement in image RMS
noise. The largest remaining phase errors are the result of differential ionospheric
effects across the array, described in the following sections. The next step for PiLL
is to incorporate direction-dependent calibration of the target field, perhaps in a
manner similar to the FACTOR facet calibration pipeline [296] used by LOFAR HBA.
Direction-dependent (DD) calibration is both essential for full exploitation of the
LBA’s capabilities and extremely difficult (perhaps impossible) given the low density

of bright sources at LBA frequencies suitable for DD calibration.

2.5 The Challenge of the Ionosphere

The ionosphere, as alluded to in the previous sections, is the biggest challenge that
low frequency ground-based observatories like LOFAR must overcome. The iono-

sphere, the ionized portion of the Earth’s upper atmosphere, is a plasma and there-

9PiLL was not available when most of the work described in Ch. 5 was performed, so the imaging
strategy was different.
10 Available at https://sourceforge.net/p/wsclean/wiki/Home/.
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fore a dispersive medium — the index of refraction is frequency-dependent. When
the frequency of incoming radiation is lower than the peak plasma frequency of the
ionosphere, refraction is total and the incoming radiation cannot propagate to the
Earth’s surface (see Eq. 1.2). At frequencies above the peak ionospheric plasma fre-
quency, incoming radiation is refracted, scattered, and absorbed by the ionosphere.
For the purposes of interferometry, ionospheric refraction imposes a frequency- and
time-dependent phase delay on incoming radiation that varies in space as well depend-
ing on ionospheric density (TEC). See [240] for an overview of relevant ionospheric
physics; see [22] for a review common radio astronomy techniques used to mitigate
ionospheric effects; see [190] for a discussion of the limitations of current techniques,

specifically the thin sheet ionosphere approximation.

The ‘Lonsdale regimes’ are a useful tool for understanding how ionospheric inho-
mogeneity will affect observations for different telescopes. Figure 2-4 shows the four
Lonsdale regimes, with A as the antenna/station separation on the ground, V as the
field of view or primary beam size at the ionosphere, and S is the scale size of iono-
spheric variations. The VLA falls into Regime 1 or 2, depending on the configuration.
Compact low frequency arrays like the LWA [82], Owens Valley LWA [126], and MWA
[179] fall into Regime 3. LOFAR LBA is solidly in Regime 4, where each station sees
variations in the ionosphere across its primary beam and different stations are look-
ing through different ionospheres toward the same target. There are well-established
calibration techniques for Regimes 1-3. For Regimes 1 or 2, self-calibration works
well. Regime 3 requires more sophisticated tools, like field-based calibration [58] or
SPAM (Source Peeling and Atmospheric Modeling) [139]. Calibration in Regime 4 is

an open problem.
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1. A<<S 2. A>>S
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3.A<<S 4.A>>S
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A | A

Figure 2-4: Lonsdale regimes 1-4. A is the antenna separation, V is the antenna
(or station) field of view at the ionosphere, and S is the scale size of ionospheric
variability. Figure reproduced from [180], Figure 1.

LOFAR LBA users are confronting the Regime 4 problem using a direction-
dependent approach similar to the HBA FACTOR scheme. The field of view is
split up into ‘facets’, each containing one or more bright sources. Self-calibration is
then performed on each facet to extract a phase correction applicable to that facet.
Once all directions have been calibrated, the TEC phase corrections from each facet
are smoothed into a phase screen that covers the full field of view. The full field can
then be imaged after the phase screen correction is applied. This approach has been
successful for LOFAR HBA, but encounters a major problem at lower frequencies: the
number of available direction calibrator sources. Each calibrator source must have
a large enough signal-to-noise ratio (SNR) on short timescales (seconds to minutes)

that self-calibration can succeed. For the current LBA, must be about 10 Jy to be
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useful directional calibrators''. There are a limited number of 10 Jy calibrators in any
given field - usually not more than 2-3. This is not enough directional calibrators to
facet a wide field of view (commonly 10°) while ensuring that the ionospheric solution
over a single facet is constant. In summary, LBA has fewer available directional cal-
ibrators than HBA while requiring more facets to achieve good direction-dependent
calibration results.

The shortage of appropriate directional calibrators can be improved by increasing
the sensitivity of the LBA stations so that fainter sources have sufficient SNR to
serve as directional calibrators. Using all 96 LBA antennas in each station would be
a major step in this direction. Building additional stations would also help. Section
2.7 discusses additional methods for improving ionospheric calibration for ground-
based arrays. An alternative solution is to leave the surface of the Earth and observe

from above the ionosphere (Chapters 7, 8).

2.6 Other Low Frequency Challenges

2.6.1 RFI

There are many man-made signals at low frequencies: radio stations, arcing power
lines, analog and digital TV broadcasts, etc. At higher frequencies, RFI is usually
restricted to line or sight or perhaps single reflections but at low frequencies the iono-
sphere can allow radio noise to propagate from much farther away. In theory, local
RFT at one station will not correlate and so should drop out of the interferometric
visibilities, but in practice very strong RFI can clip amplifiers and render some fre-
quencies useless. Standard practice in radio data reduction is to simply ‘flag’ and
remove RFI-contaminated channels, but this reduces the overall bandwidth and/or
integration time of the observation, reducing sensitivity. There are well-developed
tools for smart RFI flagging, such as AOFlagger [222], which preserve as much data

as possible while efficiently excising RFI. For maximum sensitivity, however, it is nec-

HE. de Gasperin, private communication.
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essary to build radio arrays in very radio-quiet places (like the MWA in Australia) or
employ more sophisticated techniques to null RFI before it gets into interferometric

visibilities.

2.6.2 Primary Beam

Digital beamforming has many advantages, like being able to do simultaneous target
and calibrator observations, but it also makes LOFAR’s primary beam time variable
due to changes in the sidelobes as the station beamformer tracks the target source.
If the primary beam is not accurately modeled, attempting to correct images for
the beam shape will result in residual phase and amplitude errors. The LOFAR LBA
beam model is far from perfect and indeed beam-induced errors are seen in LBA data,
especially at low elevation. Proper beam modeling is also necessary for polarimetry

observations, which are essential to exoplanet observations.

2.6.3 Widefield Imaging

The LOFAR primary beam (and resulting image FOV) is very wide (~10°), breaking
the usual assumption that the image plane can be approximated as flat. The stan-
dard technique for dealing with widefield imaging, w-projection [57], quickly becomes
very computationally intensive for such large fields. GPU support for already-efficient
imagers like WSClean is a major step toward widefield imaging in reasonable com-
putational time. There are other algorithms in the literature, however, that discard
the planar assumption for the image plane [260, 47]. Investigating the utility of
these algorithms is a topic of future work, particularly for the case of space-based

interferometry (Chapter 7).

2.6.4 Big Data

Large scale low frequency interferometers that use digital beamforming and corre-

lators have only become feasible as computational costs have come down in recent

years. Telescopes like LOFAR, MWA, and LWA produce voluminous data, which
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presents challenges for real-time correlation, storage, transmission, and processing.
The future Square Kilometer Array (SKA) will produce an order of magnitude more
data than existing telescopes. LOFAR raw datasets can be several terabytes (TB)!2.
Even averaged datasets are 100s of gigabytes (GB). Running these data through ever
more complex calibration pipelines is infeasible on desktop machines and still time-
intensive on multi-core servers. As a point of reference, running the PiLL calibrator
portion only on a 2-hour LBA observation using a compute node with 40 CPUs takes
~24 hours. Imaging, as discussed in the previous section, is equally computationally
intensive. Improvements in parallelization for the software tools underlying pipelines
like PiLL are essential for processing radio data sets in a reasonable amount of time

(days instead of weeks/months).

2.7 Future Work

The primary topic of future work for LOFAR LBA data is improving ionospheric
calibration. The ionosphere currently limits the sensitivity of LBA images to several
times the theoretical thermal noise. While FACTOR has been successful in achieving
near-thermal noise for HBA, the challenges described in Section 2.5 put thermal noise
limited imaging with the current LBA out of reach. A key area of future work will be
bringing auxiliary ionosphere data into the calibration process to improve the model
of the ionosphere used to calculate phase delays as a function of time and space.
Existing networks of dual-band GPS receivers and ionosondes could be exploited to
provide additional ionospheric constraints beyond what is available in the LOFAR
data itself. Ultimately, direct ionospheric measurements in three dimensions may be
needed to allow LOFAR LBA and similar future telescopes to reach their theoretical
sensitivity limits.

Polarization calibration is another critical area of future work for LBA data. Ex-
oplanetary radio emission (and stellar flare emission) is expected to be strongly cir-

cularly polarized. LBA imaging and analysis to date has focused on Stokes I to

2LLOFAR Cycle 0 HD 80606 b raw data is >6 TB per 6 hour observation before averaging.
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refine reduction techniques and reduce imaging runtimes, but Stokes V calibration
and imaging must be tackled. A first step towards reliable Stokes V results from LO-
FAR is to identify good candidate sources to serve as polarized calibration sources.
Unpolarized sources will also be used to assess the degree of polarization leakage due
to poor antenna and beam models.

LOFAR calibration and imaging are active areas of current research and devel-
opment, while VLA calibration is essentially a solved problem above 1 GHz. The
ionosphere is the biggest challenge, and a major update to LOFAR may be required
before the LBA can reach its potential. In the interim, novel data fusion techniques
using external ionospheric data will be pursued in an attempt to reach near-thermal

noise levels in LBA images.
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Chapter 3

Radio Sky Survey Archive Search

for Exoplanetary Radio Emission !

3.1 Motivation

Nearly all large general-purpose radio observatories produce sky surveys as a service
to the astronomy community. Often, one observatory will produce several surveys
at different frequencies. The final data product from such surveys is typically a
source catalog along with processed FITS images from which the catalog sources
were extracted. These surveys contain a tremendous amount of information that
may be relevant to a wide range of scientific questions, but some effort is required to
extract that information. The catalogs that result from radio surveys are valuable,
but they do not contain all of the information that is available in the images from
which sources are extracted.

The work described in this chapter was motivated by a desire to develop a standard
framework for scouring survey images for faint, uncataloged sources using modern
software tools and a ‘big data’ approach. This framework was used to search for
faint emisssion at the location of known nearby stars and exoplanets in this case,

but could easily be adapted to other applications. It is also trivial to expand the

!The work in this chapter comes from the final class project of Astroinformatics (Spring 2015).
Updates have been added based on newly available radio surveys.
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framework presented here to other surveys if the image data can be obtained, allowing
for fast searches of new catalogs as soon as they are made public. I demonstrated
this capability with the TGSS ADRI1 (see Section 3.3.3), which was released in late
2016. The tools described below were applied to this new data release in a matter of
hours.

This chapter describes the search of two large low frequency surveys, the Very
Large Array’s (VLA’s) 74 MHz VLA Low-frequency Sky Survey redux (VLSSr) [166]
(Section 3.3.2 and Giant Metrewave Radio Telescope’s (GMRT’s) 150 MHz TIFR?
GMRT Sky Survey [266] (T'GSS, see Section 3.3.3), for signals from exoplanets and/or
nearby stars. The simplest way to do this would be to check the coordinates of
known stars (either nearby stars or known exoplanet hosts) against the source catalogs
produced by the surveys. Typical catalog generation approaches only list sources that
are many standard deviations (5-7c) above the background, however, potentially
leaving out real sources that are of lower significance. To fully exploit the data it
is necessary to look at the survey images directly and attempt for low-sigma sources
that the catalog generation process missed. In VLSSr, the average RMS noise in an
image is ~100 mJy, but the 5-0 catalog cutoff means that the faintest sources in the
catalog are 500 mJy. A 3-0 source, which is very likely to be real, would not appear in
the catalog. Even a 2-0 source at the location of a known exoplanet would be worthy
of follow-up in other catalogs or additional observations. As discussed in Chapter 2,
radio emission from exoplanets is likely to be faint and near the detection limits of
existing telescopes; faint, low significance sources in survey data at the positions of
known exoplanet systems or nearby stars could be planetary in origin and should be

identified for follow-up.

3.2 Target List Generation

This work describes a targeted rather than blind search for exoplanetary radio emis-

sion in survey data. A targeted search is simpler to implement than a blind search

2Tata Institute of Fundamental Research
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because only the locations of known stars are examined. A blind search for weak
radio emission would entail a full reanalysis of all survey images. Images were there-
fore searched for faint sources only near the location of known stars. Two target lists
were generated for this search. The first list included all known exoplanets with a
measured system distance less than 100 pc. The 100 pc distance limit is arbitrarily
chosen, but reflects the consensus that very distant exoplanet systems are unlikely
to exhibit sufficiently bright radio emission to be detectable in current surveys. The
100 pc list was generated by searching the Open Exoplanet Catalog [242], an online
database that collects exoplanet data, via astroquery for all exoplanet systems with
a system distance value less than 100 pc. Entries with no distance entry were dis-
carded. The results of this query were converted to a VOTable for compatibility with

the source search module. The 100 pc sample contains 417 systems.

The second target list contains all stellar and sub-stellar (brown dwarf) objects
within 8 pc. This list was taken from Kirkpatrick et al. (2012) [154]. This list was
chosen because it incorporates recent discoveries from WISE and other searches for
low-mass stars. There are 243 objects in 182 systems in the 8 pc sample. The list from
Kirkpatrick et al. was downloaded from the journal website in a machine readable
form and then parsed into a VOTable in Python. Though the table was technically
machine readable, the format included blank lines and footnotes that made parsing

very time consuming.

The goal of searching a list of very nearby objects is twofold: first, detecting stellar
or brown dwarf radio emission at low frequencies is scientifically interesting in its own
right; second, it is possible that some of these objects may have planets that have not
yet been discovered. The most heavily used exoplanet discovery techniques, radial
velocity and transit, are most sensitive to planetary systems that are ‘edge on’ from
the Earth’s line of sight. Searching nearby systems in radio offers the possibility of

detecting new planets that are in a less favorable orientation via their radio emission.

Limiting the list to 8 pc improves the chances of detecting emission since source
flux falls off as 1/r2. For example, a planet with Jupiters radio luminosity in orbit

around Alpha Centauri would have a flux of ~150 mJy. Such a planet would be just
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below the detection limit of the VLSSr survey.

An intriguing question emerged from studying the objects in the 8 pc survey: Is
there a list of all the stars that have been searched for exoplanets and have NOT had
detections? Many of the nearby stars have been searched for planets multiple times
with various techniques, but there is no simple way to collect information on null
planet detections. Particularly in cases where multiple techniques have been applied,
there should be a set of upper limits in mass, semi-major axis, inclination, etc. that
result from null detections. Having access to such a catalog of non-detections would
be useful for future searches as well as statistical characterization of stellar systems
without planets. The concept of an exoplanet null result database is discussed further

in Section 3.6.1.

3.3 Surveys and Search Methods

This section describes the two surveys that were searched for faint radio emission
from nearby stars and known exoplanet hosts and the techniques used to conduct

this search.

3.3.1 Prior Work

The original VLSS survey (prior to a recent re-reduction) was searched for radio
emission from nearby stars, but nothing was detected [168]. This search attempted
to build up signal and lower the noise floor by stacking multiple image ‘postage
stamps’ centered on nearby stars together. The goal of this project is to perform a
similar search on the new VLSSr survey results and expand the technique to additional
catalogs. The previous partial TGSS data release (prior to TGSS ADRI1, described
below) images were searched for exoplanetary emission by Sirothia et al. (2014)
[265]. Results from this study (prior to the ADR1) are compared to that work in
Section 3.4.4, Table 3.4.4. The newly released full survey (TGSS ADRI1) has been

searched for exoplanetary radio emission and nearby radio stars for the first time in
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this work. Very recently, the GLEAM? survey [307, 138] by the Murchison Widefield
Array (MWA) [179] at ~80-231 MHz was searched for emission from a small set of
nearby exoplanets [208] and young exoplanetary systems [186]. Expanding this work

to search the GLEAM images for emission from nearby stars is a topic of future work.

3.3.2 VLSSr: The Very Large Array (VLA) Low-frequency

Sky Survey (redux)

The VLSS survey was observed between 2001 and 2007 (~900 hrs) and covers almost
all of the northern sky above -30 declination [53]. The survey used the VLAs 74 MHz
system [150]. The VLSS data was re-reduced to produce the VLSSr (VLSS redux)
[166, 165] which was released in 2014. The re-reduction of the survey data with
improved ionospheric correction increased the number of catalog sources by 36%,
reduced the mean RMS by 25% (120 mJy — 90 mJy), and slightly improved the
beam size (80 arcsec — 75 arcsec). Figure 3-1 shows VLSSrs sky coverage. VLSSr
FITS images are available as 17°x17° FITS images. These images are combinations
of several pointings made at different times but reduced together. All of the VLSSr
images (358) were downloaded from http://www.cv.nrao.edu/vlss/MAPS/ via wget

and stored in a local folder for quick access.

3.3.3 TGSS: TIFR GMRT Sky Survey

TGSS is a 150 MHz survey conducted by the Giant Metrewave Radio Telescope
(GMRT) that covers the sky north of -55° declination [266]. Until recently, only a
small number are fully reduced and publicly available. Intema et al. [140] reduced the
full survey using the SPAM [139] algorithm (TGSS ADR1). The initial reduction had
angular resolution of about 20 arcseconds and RMS noise less than 10 mJy. The new,
full reduction achieves ~5 mJy beam~' RMS noise and 25"x25” arcsec resolution.
Figure 3-2 shows the sky coverage and RMS noise of images for the complete TGSS
ADRI1. The full TGSS ADRI is available as a source catalog as well as a set of

3GaLactic and Extragalactic All-sky MWA survey

5


http://www.cv.nrao.edu/vlss/MAPS/

Figure 3-1: VLSS sky coverage. Concentric circles are declination, with the NCP at
the center. Straight rays are right ascension. Figure reproduced from [53].

5336 5°x5° FITS images. All of the FITS images were downloaded to a local folder

from http://tgssadr.strw.leidenuniv.nl/mosaics/ so that they could be searched for

uncataloged faint sources.

RMS Noise (m)y/beam)

Figure 3-2: TGSS ADR1 RMS map. The map shows the full sky coverage of the
survey in equatorial coordinates. Color indicates the RMS level of the survey images
at each point. Figure reproduced from [140]. The stripe of higher RMS values is the
galactic plane. Bright ”A-team” (CygA, CasA, etc.) sources also have higher RMS

values in the regions around them.
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Figure 3-3: Comparison of radio surveys. Note that the VLSSr has improved
sensitivity over the VLSS (shown here) by ~25%. The red solid line is a typ-
ical spectral index for extragalactic sources (-0.8). The black dotted curve is a
slightly steeper spectral index (-1). The vertical axis units are mJy. Figure source:
http://tgss.ncra.tifr.res.in/150MHz/obsstrategy.html. This figure demonstrates that
TGSS is more sensitive than previous 150 MHz surveys (7C).

3.3.4 Source Detection in FITS Images

The source detection pipeline is shown in flow chart form in Figure 3-4. The source
detection pipeline loops through all of the coordinates in the target lists (8 pc sample
and exoplanets within 100 pc). The first step of the pipeline uses a function called
chooseFits() to pick out the appropriate FITS file from the selected survey (VLSSr
or TGSS ADR1) by matching the objects RA/Dec coordinates to the FITS image
file name. In the case of TGSS ADRI, each catalog entry lists the relevant image
for easy retrieval. If no FITS file can be found that matches the object coordinates
closely enough, the failure is recorded in a dictionary and the next coordinate set is
entered into chooseFits(). If a FITS file is found successfully, the pipeline moves

on to source detection.

Source detection in the FITS images is performed using a python package called

PyBDSF (Blob Detection and Source Finder) [238, 198]. PyBDSF was developed for

7


http://tgss.ncra.tifr.res.in/150MHz/obsstrategy.html

S
Cleasifaring Select FITS uccess PyBDSM Success

file process_image()

Failure

Failure

Check output of
process_image()
sources for detected

sources

Record
image
RMS

Check VLSSr and — Source(s)
NVSS catalogs for EO8 detected

o source(s)
source at position of (
flux and

position

detected source(s),
record results

Figure 3-4: Source detection flow chart. With the exception of the PyBDSM block,
all blocks contain code written by me for this experiment.

the LOFAR telescope [65]. Its primary purpose is the automatic generation of source
catalogs from large surveys, so it is optimized for extracting sources from radio FITS
images. PyBDSF has its own terminal interface, but it can also function like a normal
python package (once it is installed from source) and be imported in a script or in an
ipython session. The main function used for source detection was process_image ().
Process_image () takes a FITS file as input along with a long list of optional pa-
rameters. In this case, the only additional parameters passed to process_image ()
were thresh, thresh pix, and trim box. Setting thresh to ‘hard’ and thresh pix
to 2.5 sets a detection threshold of 2.5 times the RMS noise value (2.50) reported
in the FITS image header. The trim box option selects a sub-window of the FITS
image for source detection. The box size was set to 55 pixels and the box was cen-
tered on the coordinates of the object of interest. The appropriate pixel range was
determined by converting the RA/Dec input coordinates to image pixel coordinates
via the astropy.wcs package. The box size was chosen based on experiments with
a range of sizes. Larger sizes typically led to detection of multiple sources far from
the central coordinates while smaller box sizes made it difficult for the algorithm to
accurately estimate the image RMS within the box.

PyBDSF detects sources by first finding ‘islands’ of pixels that are greater than
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the threshold. PyBDSF then attempts to fit 2D Gaussians of various shapes to the
island to recreate the brightness pattern in the image. If requested, the results of
process_image () can be displayed in a standard format by show_fit() (see Figure
3-5). The first image (top left) shows the original sub-window from the FITS file. The
second image (top center) shows the island (light blue crosses) and any Gaussians fit
to that island (pink). The fifth image (bottom center) shows the model source made
from the sum of the pink Gaussians. The fourth image (bottom left) shows the
difference of the original image and the model image. If more than one island is
detected, PyBDSF creates a Source object for each island. Before running the source
detection pipeline on the actual target lists, it was tested against a list of bright
known VLSSr sources (50-100 Jy). The results, both source locations and flux levels,

were satisfactory for this test list.

Original (ch0) Image

Islands (hatched boundaries) and
(arbitrary logarithmic scale) i

Gaussians

Background rms Image

60
50
40
30
20

10

0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 10 20 30 40 50 60 70

Gaussian Residual Image Gaussian Model Image Background mean Image
60

50

30
20

10

0

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 10 20 30 40 50 60 70

Figure 3-5: PyBDSF show_fit () example output for a bright test source. A description
of each image is shown above the subimages. The top left image is the input image.
Top center shows the island boundary (cyan hatch) and 2D Gaussians fit to the
island (magenta). Top right shows the background RMS of the image which may
vary spatially. Bottom left shows the original image with the Gaussians subtracted.
Bottom middle shows the source model generated from the sum of the Gaussian fits.
Bottom right shows the mean RMS across the image.

The output of process_image() is an Image object. The contents of this object

are not described in [238], but examination of the PyBDSF source code (specifically
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image.py, gaul2srl.py, and island.py) yield a definition of the Image class and
Source class. If the output of process_image() contained no Source objects, the
non-detection was noted in the results dictionary along with the image RMS for the
purpose of setting luminosity upper limits. If at least one Source object was found, it
was recorded and examined in more detail. The flux level of the source and the angular
separation between the target coordinates and the detected source coordinates were
recorded in the results dictionary. The detected source coordinates were searched in
both the VLSSr and NVSS [55] catalogs via astroquerys Vizier package. Vizier is
a database of astronomical catalogs [220]. A search radius of 2 arcminutes was used
for VLSSr while a radius of 1 arcminute was used for NVSS. Matches from either

catalog were added to the results dictionary.

Occasional errors with PyBDSF occurred when the FITS images were not com-
plete or were corrupted in some way. These errors were recorded in the results
dictionary. Most errors of this type were for targets with declinations below 0°,
where Northern hemisphere telescopes are forced to make observations at low eleva-
tion. Once all coordinates in the target lists were run through the source detection
pipeline, the positive results were narrowed further. Only detected sources within two
beamwidths (~2.5 arcminutes for VLSSr) of the target coordinates are of interest,
since sources farther away are unlikely to be associated with the target object. A list
of detections within 2.5 arcminutes of the target object was compiled from the results

dictionary and then the results of process_image () were displayed via show fit ().

Targets with valid FITS images but no PyBDSF source detections were further
processed to set an upper limit on planet/star radio luminosity based on the sub-
window RMS reported by PyBDSF. The noise properties of these images were also
investigated to determine whether the image noise was sufficiently Gaussian. Finally,
all of the subimages from either VLSSr or TGSS were stacked as described in Lazio
(2009) [168].
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3.4 Results

A handful of targets of out of the initial list of several hundred yielded interesting
signals. These specific cases are discussed below in detail. Detections were deemed
worthy of additional follow-up when they were within two beamwidths of the target
coordinates and they did not appear in the VLSSr catalog. Follow-up included liter-
ature searches and Vizier [220] catalog searches for the object. If the object appeared
in other radio catalogs, a spectrum and spectral index were calculated in order to
determine whether it was a background extragalactic source. Extragalactic sources
are expected to have characteristic sychrotron spectral indices around -0.7. Planets
and stars had flatter spectra and are expected to have a cutoff at higher frequency, so

they are less likely to appear in higher frequency catalogs like NVSS/FIRST [55, 19].

3.4.1 Nearby Stars

There were three detections in VLSSr and one in TGSS for targets in the 8 pc list
(see Table 3.4.1, Figures 3-6, 3-7, 3-8, 3-9). The most promising is GJ 382, an M2V
star with known photometric variability and an X-ray association. The detection is
quite close to the catalog coordinates of the star, and there is no NVSS counterpart.
The variability and X-ray association point to the star itself as the radio source, but
a planet cannot be ruled out. Further observation, preferably in circular polarization
over many days, is needed to further constrain the source of radio emission at this
location. The other detections are fairly far from the target coordinates, and two of
them have NVSS associations. In the case of brown dwarfs and M dwarfs, higher
frequency emission may come from the star itself. Further observations are required
to definitively determine the origin of the detected radio emission; follow-up on the

most promising targets is the subject of future work.
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Table 3.1.  Sources detected from the nearby objects (8 pc) list

Target Survey Separation Flux NVSS Notes
from target density counterpart?
(arcmin) (mJy)
BD-03 2870 (GJ 382) VLSSr 0.06 584.6 £152.4 No M2V, known

variable with
X-ray assn.

2MASSI J0937347+293142  VLSSr 2.17 316.6 £72.0 Yes Brown dwarf (T6)
G 157-77 (GJ 1286) VLSSr 2.43 424.4 £118.0 No M5.5V
LP 656-38 TGSS 1.25 16.8 +4.3 Yes M4V,
rotational
variable
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Figure 3-6: VLSSr detection near GJ 382. See Figure 3-5 for a description of each
box.
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Figure 3-7: VLSSr detection near 2MASS J0937347+293142. See Figure 3-5 for a
description of each box.
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Figure 3-8: VLSSr detection near GJ 1286. See Figure 3-5 for a description of each
box.
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Figure 3-9: TGSS detection near LP 656-38. See Figure 3-5 for a description of each
box.

3.4.2 Upper Limits for Nearby Stars Non-detections

Planet/star flux and luminosity upper limits were calculated for all non-detections
in both lists. Figure 3-10 show these results. The right vertical axis in Figure 3-10b
shows luminosity relative to Jupiter’s radio luminosity at ~30 MHz. All of the upper
limits are at least two orders of magnitude above the Jovian value. Deeper obser-
vations are required to push the upper limits down to a more physically meaningful

value (see next chapter).

3.4.3 Known Exoplanet Systems

This section presents the results for archival search for radio emission at the location

of the nearest exoplanets.
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Figure 3-10: Upper limits on radio flux (left) and luminosity (right) for for nearby
stars within 8 pc. Blue downward triangles represent 3o limits at 74 MHz derived
from VLSSr. Red downward triangles represent 30 limits at 150 MHz derived from
TGSS ADRI.

61 Vir

The strongest and most promising detection from the 100 pc exoplanet sample was 61
Vir. 61 Vir(ginis) is a nearby (8.5 pc) three-planet system detected via radial velocity
[300]. None of the planets transit the host star. The host star is a relatively old ( 6.1
Gyr) G7V star. The output of PyBDSF for the coordinates of 61 Vir in VLSSr and
TGSS are shown in Figure 3-11 and Figure 3-12 respectively. The VLSSr detection is
close to the noise floor, but the TGSS detection is unambiguous. There is an NVSS
source that corresponds to the coordinates of the detected source. Sirothia et al.
(2014) [265] also reports the detection of emission very close to the known position
of 61 Vir. The detected VLSSr source (which does not appear in the VLSSr catalog)
is 5 arcseconds from the coordinates of 61 Vir and has a flux density of 493 mJy (£
130 mJy).
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Figure 3-11: PyBDSF results for 61 Vir (VLSSr, 74 MHz). See Figure 3-5 for a
description of each box.
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Figure 3-12: PyBDSF results for 61 Vir (TGSS, 150 MHz). See Figure 3-5 for a
description of each box.

The 61 Vir detection was particularly interesting because it is listed as the 5" most
likely planetary system to show internally generated exoplanetary radio emission due
to high ionizing X-ray flux from the host star [216]. While it is difficult to accurately

estimate exoplanetary flux levels, the proximity of 61 Vir, the relatively large masses,
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and the small semi-major axes of its planets make it a good candidate to exhibit
bright radio emission. A literature search for 61 Vir in SIMBAD [310] revealed that
the 61 Vir system had been imaged by Herschel as part of the DEBRIS survey [328].
A debris disk was detected with an inner radius of 30 AU, outer radius of 100 AU,

and system inclination of 77°. Herschel images in 6 bands are shown in Figure 3-13.
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Figure 3-13: Herschel observations of 61 Vir in 6 bands [328]. The wavelength is
indicated in the upper left corner of each image. The black asterisk indicates the
coordinates of the star.

Wyatt et al. (2012) [328] note that 61 Vir is a high proper motion star that moves
over an arcsecond per year. They searched the the VLA archive and discovered a 5
GHz observation of a field containing the current coordinates of 61 Vir. There is a
double-lobed source in the field within a few arcseconds of 61 Virs current coordinates,
but the 5 GHz observation was made in 1987 when 61 Vir was nearly 40 arcseconds
away from the location of the double-lobed source which is approximately 4 times the
pointing error of that measurement (see Figure 3-14). The authors conclude that the

radio source detected at 5 GHz and 1.4 GHz (NVSS) is a background galaxy that is
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currently in a chance alignment with 61 Vir.
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Figure 3-14: 5 GHz VLA source with 61 Vir positions superimposed. The location
of the 1.4 GHz NVSS source is indicated with a small orange diamond. Figure
reproduced from [328]. 61 Vir is clearly moving towards the static background source
detected in radio (1.4 and 5 GHz).

In order to confirm that the radio source is most likely a background galaxy, a
power law fit to all available data was performed (Figure 3-15). In addition to the flux
densities calculated in this work, flux densities were extracted from NVSS (1.4 GHz),

WISH [74] (325 MHz), Sirothia et al. (2014) (150 MHz), and Wyatt et al. (2012)
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(5 MHz). The resulting spectral index of -0.85 [-1.102, -0.5886] is consistent with a
non-thermal source. As shown in Figure 1-2, planetary spectra are generally fairly
flat and show a sharp cut-off at the local electron cyclotron frequency ( 40 MHz for
Jupiter). Based on the spectrum of this source as well as the sources lack of motion
relative to the motion of 61 Vir, the most probable conclusion is that the radio source
near 61 Vir is a background galaxy. Future radio observations should add evidence
to this hypothesis if the source location continues to stay fixed as 61 Vir moves to

the southeast.
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Figure 3-15: All available radio measurements of source near the position of 61 Vir. A
power-law fit yielded a spectral index of -0.85, consistent with non-thermal emission

from a galaxy.

3.4.4 HD 43197

The new TGSS ADR revealed another case like 61 Vir: HD 43197. Sirothia et al.

[265] noted that this exoplanet host had an NVSS catalog source near its position.
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The source also appears in the TGSS ADR and GLEAM catalogs, but not in VLSSr.
Figures 3-17a, 3-17b, and 3-18 show the 2MASS image of the the star, the GLEAM
image, and the VLSSr field centered on the location of the star. Fitting a spectrum
based on the fluxes from those three catalogs reveals a steep spectral index of -
1.59 [-2.071, -1.109] (see Figure 3-16). Fitting to the GLEAM fluxes only yields a
similar spectral index (-1.468 [-1.914, -1.022]). Though GLEAM and VLSSr overlap
in frequency, the source near the location of HD 43197 only appears in GLEAM. The
flux measured by GLEAM should yield a 2-0 or higher detection in VLSSr based
on the RMS noise calculated by PyBDSF for this field. The likeliest explanation for
the non-detection in VLSSr is that data reduction at low declination (-29°, near the
southern limit of VLSSr) was sub-standard. It is also possible that the GLEAM
source is not real; perhaps a sidelobe or random noise bump.

HD 43197, a quiet metal-rich sun-like (M,=0.96M, G8V) star at 56 pc, hosts a
sub-Jovian mass (M=0.61{,) planet in an eccentric orbit (e=0.83) [211]. HD 43197 b’s
high eccentricity and close passage to its host star would make it a good candidate for
high radio flux at periastron (see Chapter 5). The very steep spectrum of the sources
available from surveys (Figure 3-16), however, is not consistent with planetary or
stellar radio emission. Follow-up for this source is the subject of future work, although

unfortunately it is too far south to be observed with LOFAR.

Additional Detections Near Known Exoplanets

There were 4 additional detections in VLSSr and 1 in TGSS (see Table 3.4.4 and
Figures 3-19, 3-20, 3-21, 3-22, 3-23). Two of the four of the VLSSr detections have
NVSS counterparts. It is possible, but perhaps unlikely, that planets have B-field
strengths high enough to push the electron cyclotron frequency past 1.4 GHz, so
finding an NVSS counterpart for a detected source is considered an indication that
the source is probably not a planet. It should be noted, though, that some brown
dwarfs have very high frequency radio emission [127]. If the emission is from the star,
it may well appear in NVSS. The only way to know for certain whether the source is

a planet/star or a background galaxy is to look at circular polarization, since stellar
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Figure 3-16: Spectrum for radio source(s) near HD 43197. A power-law fit to all
available data yielded a spectral index of -1.59 (black dashed line), suggesting an
extragalactic origin for this source. A fit to the GLEAM data only yielded a similar
spectral index (-1.468, dashed blue line).
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(a) 2MASS

Figure 3-17: 2MASS (left) and GLEAM (right) images of HD 43197. The green
crosshair in (a) shows the position of the 2MASS star.

Table 3.2. Detections from the nearby exoplanet target list

Target Survey Separation Flux NVSS
from target density counterpart?
(arcmin) (mJy)

HD 220689 VLSSr 1.55 451.7 £79.0 Yes
HD 24040 VLSSr 1.9 345.8 £100.8 No
4 UMa VLSSr 1 624.2 £116.1  Yes
2M 0746420  VLSSr 433.4 16.8 £110.4 No
HD 86226 TGSS 0.19 22.35 £5.8 No

and planetary emission is typically highly circularly polarized (see further discussion
in Section 1.2.2).

The results from TGSS can be compared to Sirothia et al. (2014). Table 3.4.4
lists all of the radio associations found in Sirothia et al. (2014) and results from this
work, both the TGSS DRb5 partial release and the new TGSS ADRI, for the same
objects. 61 Vir and HD 86226 are detected in both studies. Several objects are either
too far away or have no listed distance and therefore were not included in the 100
pc exoplanet list. Two objects (WASP-77 and HD 164509) are close enough to be

included, but were not detected. Possible reasons are listed in the table.

Non-Detection Upper Limits

As in Section 3.4.2, non-detection upper limits were calculated for all exoplanet host
systems in the 100 pc sample. The results are shown in Figures 3-24 and 3-24. The

sensitivity of the surveys again limits the derived luminosity limits to 2-5 orders of
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Figure 3-18: VLSSr field centered on HD 43197. The GLEAM source is not apparent
and was not fit by PyBDSF. See Figure 3-5 for a description of each box.

magnitude above Jovian luminosity.
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Figure 3-19: VLSSr detection near position of 2M 0746+420. The separation between
the detected source is 2.58 arcminute from the position of the target and does not
have a NVSS counterpart. See Figure 3-5 for a description of each box.
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Figure 3-20: VLSSr detection of a source near the position of 4 UMa. The source is
1 arcminute from the position of the target and does have a NVSS counterpart. See
Figure 3-5 for a description of each box.
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Figure 3-21: VLSSr source detected near the position of HD 24040. The detected
source is 1.9 arcminutes from the target and it does not have a NVSS counterpart.
Note that the image appears to be noisier than usual. In this case, the source may
be a sidelobe. See Figure 3-5 for a description of each box.
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Figure 3-22: VLSSr source detected near the location of HD 220689. The detected
source is 1.55 arcminutes from the target position. This source does have an NVSS
counterpart. See Figure 3-5 for a description of each box.
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Figure 3-23: TGSS source detected near HD 86226. The detected source is 0.19
arcminutes (11 arcsec) away from the target. This source does not have a NVSS
counterpart. This result should also be interpreted with caution because a second
source was detected in the same image and their alignment suggests sidelobes. See
Figure 3-5 for a description of each box.

Table 3.3.  Comparison of results from Sirothia et al. (2004) and this work

Target Detected Detected Notes
in TGSS in TGSS
DR5 ADR1
PSR B1620-26 No No Distance (3800 pc) was outside
100 pc limit for planet list
61 Vir Yes Yes See Section 3.4.3
HD 86226 Yes Yes Interesting target for follow-up
1RXS J160929.1-210524 No No Distance (145 pc) was outside of 100 pc list;
YSO with distant brown dwarf companion
HD 164509 No Yes
HD 43197 No Yes See Section 3.4.4
WASP-77 No No At edge of TGSS image;

may have caused error in PyBDSF
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Figure 3-24: Upper limits on radio flux (left) and luminosity (right) for exoplanet
hosts within 100 pc. Blue downward triangles represent 3o limits at 74 MHz derived
from VLSSr. Red downward triangles represent 3o limits at 150 MHz derived from
TGSS ADRI.

3.5 Follow-up

3.5.1 Additional Literature Review

All of the detections (besides 61 Vir) require further follow-up to determine the most
likely source of the emission. Follow-up can be automated to some degree (searching
specific catalogs, for example), but in general it requires a manual literature search
on each object. SIMBAD [310] can produce a list of every paper that refers to a
particular object, speeding up literature review considerably. The characteristics of
the host star (variability, X-ray association, previous radio detections, spectral type,
age, etc.) gleaned from literature and catalogs can be used to better understand
whether the star is a likely source of radio emission. VizieR [220] can be used to search
all radio catalogs at the same time in order to generate a spectrum for the source.
Observatory archives (such as the VLA archive) should also be searched for any
additional observations of the target field. Archival data could require re-reduction.
The VLITE system [234] is another source of data for follow-up observations at low

frequency.

While all of these sources will help build a more complete picture of each candi-
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date source, there are fundamental degeneracies between background galaxies, stars,
and planets that cannot be resolved without additional observations. In some cases,
additional observations can be obtained by re-reducing existing archival data. For
example, the VLSSr data could be re-imaged in circular polarization (Stokes V) in-
stead of total intensity (I). Each VLSSr field was observed multiple times, so each
observation could be imaged separately to look for time variability in targets of inter-
est. Such reanalysis will take substantial time, but it does not require new observing
proposals. An alternative method for checking whether a source is a background
galaxy or a foreground star/planet is looking at the position of the source over time
if archival observations exist. A background galaxy will have essentially zero proper
motion, while nearby objects will move measurably over decades. The VLA archive
is a rich source for such archival data; exploiting that resource is the subject of future

work.

3.5.2 Other Catalog Searches

There are several other catalogs that should be searched for exoplanetary emission.
Both the VLSSr and TGSS do not have any coverage of the far southern sky, but
many known exoplanets are found in the southern sky because they were discovered
by observatories in Chile (e. g. HARPS [27]). The MWA [179], located in Australia,
is a prime instrument for seeking radio emission from exoplanets in the southern sky.
MWA has recently completed a large-area survey called GLEAM [202, 138] which
could be searched in the same way as VLSSr and TGSS ADRI1. A clear next step
is to obtain the FITS images from GLEAM and search them using the same lists of
targets. The older WENSS [35] and WISH [74] surveys at 325 MHz are another good
option if the FITS images can be obtained.

LOFAR is in the process of generating two surveys using the HBA (120-240 MHz)
and one using the LBA (30-75 MHz). MSSS, the first HBA survey, [253, 132] has
been observed and preliminary data released. The LOFAR Two-metre Sky Survey
(LoTTS) [262] is a deeper survey in the HBA, with initial image noise <0.5 mlJy

1

beam ™" and 25” resolution. Observations are ongoing; the full survey will cover the
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entire Northern sky. Observations for the LOFAR LBA Sky Survey (LoLss) are in
progress®. Noise levels of 1-5 mJy are expected for LoLss, a significant improvement
over VLSSr at even lower frequency. LoTss and Lolss will be a rich source for

detection of radio emission from nearby stars and exoplanets when complete.

3.5.3 New Observations

Archival data has fundamental limits when applied to new questions that was not
anticipated when the observations were conceived. For example, polarization is im-
portant for exoplanetary/stellar radio observations since CMI emission is strongly
circularly polarized, but very few surveys provide polarization data (likely because it
is difficult to calibrate, particularly at low frequencies). Several of the targets with
detections in this work are good candidates for follow-up observations. In particular,
GJ 382, 2MASS J0937347+293142, and HD 86226 are worthy of additional obser-
vations if further literature review is not helpful in identifying the source of radio
emission for each object. LOFAR, GMRT, or the VLA are potential instruments
for follow-up observations. Key goals for any additional observations should be to
1) image in circular polarization, 2) obtain measurements at as many frequencies as
possible to construct a spectrum, and 3) observe over timescales appropriate to the
fundamental periodicities of the system (stellar rotation/variability, planet orbital pe-
riod). Previously unknown detections in VLSSr and/or TGSS will provide additional

weight to observing proposals for these objects.

3.6 Future Work

3.6.1 Exoplanet Non-Detection Database

Constraining the detection space for exoplanets in systems that have been searched
with more than one detection method may be of use for future searches. For exam-

ple, it would have been useful in this work to know which nearby stars have well-

iLed by F. de Gasperin, no publication to date. See http://www.astron.nl/
lowfrequencyobserving2017/Documents/Tuesday /LFO2017_deGasperin.pdf.
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established upper limits on planet mass, semi-major axis, system inclination, etc. to
better understand the likelihood of strong planetary radio emission in each system.
Such a database would be useful for future exoplanet searches at any wavelength. It

would also be useful for characterizing the type of stars that do not have planets.

There is no immediately obvious way to compile such a database. One approach
would be to consider one object at a time and scan the literature for that object.
Keywords could be used to identify papers that are related to exoplanets in order to
narrow the list. It might be possible to automatically scan these papers to extract
upper/lower limits on planetary parameters, but it might also be easier for a human
to scan the papers and extract relevant information. Alternatively, a literature search
for large exoplanet searches could be compiled, and then all of the SIMBAD objects
listed in each paper could be checked against known exoplanets. This method would

yield a list of non-detections, but not upper/lower limits.

Whatever method is used, the resulting list of non-detections and upper/lower
limits could be used to construct an ‘anti-OEC’. When upper/lower limits are avail-
able, visualizations could be produced to show where planets are not. Taken as a
whole, such a database might provide interesting statistics on planet non-occurrence

or perhaps highlight systems that are good targets for additional observations.

3.6.2 Background Galaxies

The 61 Vir results (Section 3.4.3) highlight the importance of background extra-
galactic sources. It is well understood that background sources can be distinguished
from planets/stars by polarization, but perhaps the contamination rate of background
sources in intensity alone could be estimated. Future observatories like the Square
Kilometer Array (SKA) will be many times more sensitive than current arrays, so
there will be a higher density of background sources. Estimating the contamination
rate based on the known distribution and properties of extragalactic sources may be

helpful for future radio exoplanet searches.
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3.7 Future Prospects for Survey Searches

The radio surveys used in this analysis do not have the required sensitivity to detect
exoplanets with Jupiter’s radio flux, or even 10x Jupiter’s radio flux. Examining
existing data does, however, rule out superluminous exoplanets in existing datasets.

See Section 8.2 for further discussion on the limitations of these upper limits.

This work serves as a proof of concept for ‘big data’ survey searches for exoplanets
in the radio. Large-scale radio surveys are not designed with exoplanets in mind, but
they can be exploited for exoplanet searches nonetheless. The Kepler survey was
not explicitly designed to enable asteroseismology [207], stellar activity studies [15],
or superflares [304, 261, 239], but Kepler data has been used in all of those fields
and many more. Kepler demonstrated that a leap forward in capability (photometric
precision in this case) advances many fields beyond the one for which the instrument

was designed.

Upcoming advances in low frequency radio capability should similarly advance
many areas of study, including the search for radio emission from exoplanets. The
SKA Low-Frequency Aperture Array (LFAA), currently in the design phase, will pro-
vide a leap forward in sensitivity. LFAA will consist of 131,000 log-periodic crossed
dipoles with baselines up to 100 km and will operate at frequencies between 50-350
MHz [63]. The first light date for SKA-LFAA is uncertain, but is at least 10 years
away. LOFAR is considering a major upgrade (LOFAR 2.0) in a similar timeframe.
If LOFAR takes steps to improve the sensitivity of the LBA, perhaps by building
additional stations and/or making use of the full 96 antennas at each existing sta-
tion, its sensitivity may improve beyond what is predicted by the increase in antenna
number. This is because higher sensitivity would enable better ionospheric calibra-
tion. Tonospheric calibration currently enforces a noise floor due to uncorrected (and
uncorrectable) phase errors induced by the rapid variation of the ionosphere in time

and space [180].

Both SKA-LFAA and LOFAR 2.0 are likely to perform full sky surveys. These

surveys will be more sensitive than any of the available surveys at the time of this
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Figure 3-25: Comparison of existing and proposed future radio sky surveys. Existing
surveys are marked by black points, surveys that are in progress or planned are gray.
The horizontal line for each survey shows its frequency coverage. Jupiter’s 20 MHz
flux, scaled to 2, 5, and 10 pc is shown for comparison. It is important to note
that higher frequency surveys reach lower flux limits, but a planet (or star) must
have a very strong magnetic field to emit at high frequencies (see Eq. 1.1). Survey
references: VLSSr [165], TGSS ADRI [140], GLEAM [138], WENSS [35], SUMSS
[191], NVSS [55], FIRST [19], VLASS [206], WODAN [248], EMU [217], LoTss [262],
LoLss/400MUGS®, SKA-Low®.

writing. The techniques described above can be applied to those surveys as well, with

an increased chance of success.

6No published description to date, see http://www.ncra.tifr.res.in/ncra/news-events/
deGasperin_LoLLSS400MUGS.pdf.
SEstimate only, see http://skatelescope.org/multimedia/image/ska-infographic-skal-low/.

103


http://www.ncra.tifr.res.in/ncra/news-events/deGasperin_LoLSS400MUGS.pdf
http://www.ncra.tifr.res.in/ncra/news-events/deGasperin_LoLSS400MUGS.pdf
http://skatelescope.org/multimedia/image/ska-infographic-ska1-low/

104



Chapter 4

VLA Nearest Stars Survey

Radio detection of exoplanets complements existing detection techniques (transit, ra-
dial velocity, direct imaging, etc.) since it is less dependent on orbital geometry than
other methods and is optimal for a different population of stars. Active stars with
frequent flares and/or coronal mass ejections (CMEs) are favorable for radio searches
since the increased stellar wind energy impinging on a planetary magnetosphere in-
creases output radio power [167, 334, 170] (see Section 1.2.3). Active and/or fast
rotating stars are not favored for (and are often excluded from) transit and radial
velocity surveys since activity-related jitter can cause false-positive planet detections
(237, 26]. With these considerations in mind, we designed a survey of nearby stars
across a wide range of radio frequencies in order to search the nearest stars for as-yet
unknown planets.

The Nearest Stars radio survey focuses on the very closest stars because they offer
the best opportunity to detect Jupiter-like radio emission from substellar companions.
Scaling Jovian radio flux to 10 pc yields ~ 1 pJy, too faint a signal to be detected
by current ground-based radio telescopes, but observations of stars within 5 pc can
constrain exoplanet luminosity to within a factor of 10 of Jovian luminosity (see
Figure 4-1). The Nearest Stars survey therefore selects only stars within 5 pc so
that non-detection upper limits for these systems will provide physically meaningful
constraints on non-thermal emission processes.

A second key design feature of the Nearest Stars survey is that it blindly chooses
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nearby stars that meet observability criteria rather than attempting to select stars
that are ‘more likely” to host planets or exhibit strong radio emission. The goal of
this unbiased selection method is to produce an unbiased result given the difficulty

of predicting planetary magnetic field strengths and radio fluxes (Section 1.3.3).

4.1 Survey Motivation

Detection of exoplanets through low frequency magnetospheric radio emission [92]
is a promising, though yet unproven, technique. Planets with strong magnetic fields
(Earth, Jupiter, Saturn, Uranus, Neptune) show strong coherent radio emission through
the cyclotron maser instability [331]. The emission frequency f.. corresponds to the
local electron cyclotron frequency w. which depends directly on the local magnetic
field strength:

Wee eB

Jee =

[Hz| (4.1)

2T 27m,
where B is the local magnetic field strength and e and m, are the charge and mass

of an electron, respectively (SI units).

Equation 4.1 points to the key observable for radio exoplanet searches: the high
frequency spectral cutoff (see Figure 1-3 for Jupiter’s dramatic high frequency cutoff).
The high frequency cutoff corresponds to the lowest altitude where cyclotron emission
can be generated and escape without being absorbed, low in the ionosphere. The
magnetic field B that corresponds to the high frequency cutoff (via Eq. 4.1) can be
used to estimate the ‘surface’ magnetic field of a planet (Remission ~ Rpianet). 1f the
planet’s radius is known, the ‘surface’ field strength can be converted into a magnetic
moment. Assuming that the magnetic field is primarily dipolar, the magnetic field
B inferred from the radio high frequency spectral cutoff can be roughly assumed to
be coming from near the magnetic pole of the planet, as is the case with auroral
radio emission in the solar system. The magnetic field strength of an undistorted

dipole at the magnetic equator B,, is therefore %B . The relationship between surface
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Table 4.1. Telescope Bands

Telescope Band Name Frequency
LOFAR LBA 30-75 MHz
VLA P-band 230470 MHz
VLA L-band 1-2 GHz
VLA S-band 2-4 GHz
VLA LS-band 1.5-3.5 GHz
VLA C-band 4-8 GHz

Note. — Telescope Bands used in the Nearest Stars survey. LOFAR LBA and VLA P-band data are not discussed
in this Chapter; reduction of those data is the subject of future work.

equatorial magnetic field strength and magnetic moment is

o 1

M = —
planet
4 BeqRpanet

[Am?] (4.2)

where 119 is the permeability of free space and M,jne: is the planetary dipole moment.
Magnetic moment is a more useful parameter for comparing planets of different sizes.
The difference between the surface magnetic fields (Be,) of the Earth and Jupiter
is misleadingly small (~13), but Jupiter’s magnetic moment is 20,000 times greater
than the Earth’s (see Table 1.1). If no sharp cutoff is detected within the observing
bandwidth (but there is a significant detection), then only lower limits on magnetic

field strength and magnetic moment can be calculated.

Observations for the Nearest Stars survey are carried out using the VLA (P-band,
L-band, S-band, C-band) and LOFAR (LBA). See Table 4.1 for frequency ranges,
Chapter 2 for data reduction details. Together, these facilities provide coverage from
30 MHz to 4 GHz. A wide range of frequencies are observed to maximize the chance
of catching substellar companion radio emission. This Chapter describes only VLA
L-band, S-band, and LS-band observations. No C-band observations were granted
and the P-band and LOFAR LBA data are the subject of future work. Though solar
system planets emit primarily below 40 MHz, brown dwarfs and low-mass stars have
shown very high frequency cyclotron emission [127]. The only constraints used when

choosing targets for the Nearest Stars survey, besides distance, were observational.
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The ten closest targets out of the available 16 were selected for the Nearest Stars

survey. The survey targets are listed in Table 4.2.

1% Jupiter flux
=1 Ox Jupiter flux
100x Jupiter flux
= 1000x Jupiter flux
- - LOFAR LBA sensitivity
====VLA P-band sensitivity
-------- VLA L-band sensitivity
VLA S-band sensitivity
-------- VLA C-band sensitivity

S S S S S S S S S S S R S O S S S SO S
1 2 3 4 5

Distance from Sun (pc)

Figure 4-1: Jovian radio flux scaled from 1-5 pc. The solid black curve shows Jupiter’s
radio flux at ~ 20 MHz (~10® Jy) scaled over the range of distances covered by the
Nearest Stars survey. Additional curves show Jupiter’s flux scaled by 10x, 100x, and
1000x. The horizontal dashed, dash-dotted, and dotted lines show the predicted noise
limits for all bands included in the survey.

Similar surveys have been carried out in the past, but have been unsuccessful
[319, 17, 265, 168] (see Section 1.3.2). These searches may have been unsuccessful
due to limited sensitivity, targets that were too distant, or simply unfortunate timing.
Radio emission from the Sun and Solar System planets is known to be highly time-
variable, so it is possible that past surveys simply missed stellar and/or planetary
radio bursts. This survey is not immune to these challenges, but it has been designed
to maximize the chance of catching bursty, unpredictable stellar or substellar radio
emission, though it is constrained by the limited time granted by the time allocation

committees (TACs). See Section 8.3.1 for further discussion of observation strategy.
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4.2 Target Selection

The target list is composed of the top 10 nearest stars or star systems that are observ-
able from both the VLA and LOFAR. See Table 4.2. The targets were chosen from the
8 pc volume-limited sample compiled by [154]. This sample was the most up-to-date
at the time of observing proposal submission and includes recently discovered brown
dwarfs and other nearby low mass objects. Only stars within 5 pc were considered
from the 8 pc list. Targets at low declination that would appear below 30° elevation
at LOFAR, the northernmost of the two observatories, were eliminated from the tar-
get list. Practically, this eliminated all targets with DEC < -5°. In addition to the
elevation constraint, targets that were less than 20° away from ‘A-team®’ sources, the
brightest radio sources in the sky such as CasA, CygA, TauA, etc., were discarded.
Bright sources in the synthesized beam sidelobes contribute too much noise to achieve
a noise floor in the final image that is close to the theoretical thermal noise. Object

properties (spectral type, multiplicity, age, etc.) were not used in target list selection.

Sixteen systems met all three selection criteria (distance <5 pc, elevation at LO-
FAR >30°, distance to A-team sources >20°). Of these 16 systems, the nearest 10
were chosen for the initial VLA proposal in order to keep the observing time request
reasonable. The target list contains nine M dwarfs, one T9 brown dwarf, two white
dwarfs, and one F sub-giant in 7 single and 3 binary systems. The abundance of M
dwarfs is both expected and beneficial to this survey. M dwarfs are generally more
magnetically active than earlier type stars, likely due to their fully convective interiors
[218]. For radio exoplanet detection, high magnetic activity is beneficial. As demon-
strated by [71], CME passages are correlated with increased auroral radio emission.
A similar effect has been predicted, though not yet observed, for exoplanets [120].
Additionally, the Kepler survey [29] has shown that M dwarfs host more planets on
average, although they are often small [205]. At the time the VLA and LOFAR obser-

vation proposals were written, none of the targets had known exoplanets. Recently,

IThe ‘A-team’ refers to the ‘A’ in the names of all of the brightest radio sources. Since these
sources cause problems for most observations by leaking into the sidelobes of the synthesized beam
(and primary beam), the name is an astronomer’s joke.
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Table 4.2. Target list for the Nearest Stars survey.
Discovery Gliese Distance Spectral RA Dec
Name Name (pe) Type (J2000) (J2000)
Wolf 359 Gl 406 2.39 M6 V 10:56:28.865 +07:00:52.77
Lalande 21185 Gl 411 2.55 M2V 11:03:20.19400 +35:58:11.5682
Procyon A Gl 280 A 3.51 F5 IV-V 07:39:18.118 +05:13:29.97
Procyon B Gl 280 B 3.51 DA 07:39:17.88 +05:13:26.8
Sigma 2398 A GI 725 A 3.57 M3V 18:42:46.67934 +59:37:49.4724
Sigma 2398 B Gl 725 B 3.57 M3.5V 18:42:46.96652 +59:37:36.3471
G 51-15 GJ 1111 3.63 M6.5 V 08:29:49.345 +26:46:33.74
Luyten’s Star Gl 273 3.80 M35V 07:27:24.49975 +05:13:32.8332
Teegarden’s Star 3.86 M6 V 02:53:00.849 +16:52:53.28
UGPS J072227.51-054031.2 . 4.07 T9 07:22:27.87 -05:40:31.1
Ross 614 A Gl 234 A 4.13 M4-4.5 V 06:29:23.401 -02:48:50.32
Ross 614 B Gl 234 B 4.13 M4.5-6.5 V 06:29:23.52 -02:48:51.1
van Maanen’s Star Gl 35 4.30 DZ8 00:49:09.90175 405:23:19.0117

a mini-Neptune was discovered in a 10-day orbit around Gl 411 [44] and two planets
were discovered in orbit around Luyten’s Star [8].

Gl 411 and Luyten’s Star both have recently discovered planets that had not yet
been reported at the time the target list was compiled. Other objects on the target
list have been searched for planets using various detection methods, but there have
been no other confirmed detections. Both the transit method and the radial velocity
method are insensitive the orbital inclinations far from 90° away from the line of sight
to Earth. Since stellar spin vectors (and by extension planetary orbit vectors) are
assumed to be randomly distributed, some targets in our sample are likely to have
undetected planets due to the orientation of the system. Though population statistics
from Kepler [98] can make no guarantees for planet occurrence for specific stars, the
high frequency of planets around main sequence stars in the Kepler sample makes the
search for new planets in a small sample plausible.

A brief description of each star on the Nearest Stars Survey list follows.

Wolf 359 Wolf 359% (GJ 406, CN Leo) is the nearest of the available targets at
2.39 pc [144]. It is an active M6.0 C dwarf with no known companions [109]. AAVSO
lists Wolf 359 as a UV Ceti type variable flare star due to frequent flares [306]. Giant

flares have been observed [99]. Radio sources near the position of Wolf 359 have also

2No indication of Borg activity in the data collected to date.
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been observed at L-band and C-band [221], though the authors concluded that they
were background extragalactic sources. Wolf 359 has a mean magnetic field of B ~
2.2 kG measured via FeH absorption lines, though high magnetic flux variability was
observed [244]. If the 2.2 kG measurement is accurate, cyclotron emission should be
detectable at VLA frequencies, particularly S-band or C-band®. A combined RV and
astrometric survey ruled out planets larger than 0.5 Mj,, with periods less than 3
days, 1.0 M, for P < 30 days, and 2.0 M ,, for P < 100 days using RV [61]. Large

planets (3-7 M ,,) were ruled out for periods greater than 2 years.

Procyon Procyon is a binary system composed of F5 subgiant (Procyon A) and
a white dwarf (Procyon B). The two components orbit one another with a semi-
major axis of 15 AU [48] and an orbit plane that is inclined by 31 o the line of sight.
Planetary orbits around Procyon A but not B are stable as well as wider circumbinary
orbits [88]. It has been suggested that the Procyon system may have failed to generate
planets due to the orbits and evolution of the primaries [88]. There is some evidence
that planetesimals may have accreted onto Procyon B [85].

Quiescent radio emission as well as a flare have been detected from Procyon A
in X-band [79]. Procyon was observed in C-band in 1981 [32] and 1987 [28], but no
emission was detected. Limits from these two VLA observations are ~0.5 mJy and

0.09 mJy, respectively.

Gl 411 (Lalande 21185) Gl 411 (HD 95735, Lalande 21185) is an M2 dwarf that
is classified as a variable flare star of the BY Draconis type [306]. The Extreme
Ultraviolet Explorer Deep Survey showed EUV flare activity for this star [9]. Prior to
the publication of [44], there was an unconfirmed astrometric detection of a Jovian-
mass planet orbiting Gl 411 [106], but that planet has been ruled out by subsequent
radial velocity measurements. Gl 411 was observed by Bastian et al. (2000) [17] with
the VLA as part of a campaign to search nearby exoplanet systems for radio emission.

No detections were made for Gl 411 or any other systems observed; limits were set

3To date, Wolf 359 has only been observed in VLA P-band and LOFAR LBA; neither have been
fully reduced yet.
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at 23 and 20 uJy at 1.4 GHz for Stokes I and V, respectively, and 4 and 1.23 mJy at
333 MHz for I and V| respectively.

GJ 725 (32398) GJ 725 (also known as ¥:2398) is a visual binary system composed
of two M dwarf components. GJ 725 A is an M3 dwarf and GJ 725 B is an M3.5
dwarf. The semi-major axis of the binary is 56 AU (e=0.7, i=52.5) [293]. Both
components have been searched unsuccessfully for planetary RV signatures [84, 11].
Endl et. al. (2006) [84] measured linear trends in each component of the binary, but
since the linear trends are opposite sign, they are assumed to be due to the motion
of the binary. No planets were detected (95% completeness for m sin ¢ > 3.5 My,
a < 0.7 AU. Bailey et al. (2012) [11] included GJ 725 A and B in their Keck RV
survey as 'field stars’, stars with no known planets, slow rotation, and relatively low
activity. The RV dispersion of these field stars was used to demonstrate the survey

observing precision of 50 m s

GJ 725 A and B are metal-poor ([Fe/H] = -0.49, -0.36 respectively) [33]. Metal-
poor stars are less likely to have close-in giant planets [94], so the lack of giant planet
detection for GJ 725 A/B is unsurprising. The relationship between metallicity and
the formation of smaller (sub-Neptune) planets is less clear [38], however. Luisa et.
al. (2014) [142] determined that there are stable orbits around both members of the
binary. The radiative habitable zones for A and B are 0.18 - 0.31 AU and 0.14 - 0.24
AU respectively. The system is not considered to be a good candidate for transit
searches since it was assigned a low transit probability score in [134]. If the spin
axes of the binary members are roughly perpendicular to the plane of the binary,
transits would indeed be unlikely (assuming that the planet orbits are also roughly

perpendicular to the stellar spin axes).

GJ 725 was observed with the VLA in twice in 1986 at 4835 MHz, yielding limits
of <180 pJy [318] and <200 pJy [97]. It was observed again as part of the Radio
Interferometric Planet Search [31], but was undetected (<141 pJy).
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GJ 1111 GJ 1111 (DX Cne, LHS 292, G 51-15) is a late M dwarf (M6.5 [4],
M,=0.10, T,5y=2700K) and is classified as a flare star [255]. GJ 1111 was on the
target list for VLA observation as part of an astrometric search for exoplanets, but
was not observed [31]. Morin et al. [203] used the Zeeman doppler imaging (ZDI)
technique to measure GJ 1111’s magnetic field. They found it to be strongly time
variable and non-axisymmetric with an average field strength ranging from 80-110
Gauss and maximum field strength from 180-220 Gauss. They also measure a rotation
period of 0.46 days and a high inclination, which they fix at 60°. Vidotto et al. [298]
used the magnetic field measurements from Morin et al. to estimate the effect of
the star’s strong magnetic field on the magnetosphere of an Earth-like planet. An
Earth-sized planet with an Earth-sized magnetic moment would have a much smaller
magnetosphere due to stellar wind compression than the Earth does if it was located
in the habitable zone.

GJ 1111 is a member of the Castor Moving Group [199], giving this star a relatively
young age (~ 200 My) that agrees well with its fast rotation. There are no radio
detections of GJ 1111 in the literature, though it is listed with a probable X-ray
association [96]. GJ 1111 was observed with the VLA at 6 GHz by Williams et al.
[317], but was not detected (upper limit 23 pJy). Flares have been reported in optical
photometric observations [232] (U-band, 5-30% flux enhancement) and spectroscopic
data [196]. GJ 1111 is often used as a spectroscopic standard. Guenther & Wuchter
(2003) [122] suggest that GJ 1111 is a spectroscopic binary, but no companion has
been detected or confirmed to date [317].

Luyten’s Star Luyten’s Star (GJ 273, HIP 36208, LHS 33, BD+05 1668) is an
M3.5V dwarf (0.20M[66], 0.293+0.027 Ry, Ty = 3382449 K [33]). Luyten’s Star is
part of the HARPS M-dwarf sample [27]. Recently, two planets were announced by
Astudillo-Defru et al. [8], a super-Earth (2.89+0.26 Mg,) with a period of 18.65040.006
(GJ 273b) and an Earth-sized planet (1.1840.16 M) with a period of 4.72344-0.0004
days (GJ 273b). GJ 273D receives 1.06 times the Earth’s insolation, placing it in the

habitable zone.
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The HARPS data are consistent with the estimated the rotation period of the
star of ~100 days [7, 281]. The HARPS H-a data show periodicity at ~2000 days,
perhaps indicating a magnetic cycle. This cycle period is in rough agreement with

Sudrez Mascareno et al. [280], who found a period of 6.6+1.3 years via photometry.

Luyten’s Star was part of the Bower et al. [31] radio astrometric exoplanet search,
but the star was not detected by the VLA at 5 GHz (<156 pJy) and therefore was
not part of the VLBI astrometric campaign. No other radio detections or recorded
flares are found in the literature, indicating that this star is inactive and likely old.

Like GJ 1111, Luyten’s Star is often used as a spectral standard.

Teegarden’s Star Teegarden’s Star (GAT 1370, SO J025300.5+165258) is a late
M dwarf (M7.0V [4]). Its name comes from the lead author of the 2003 paper in which
this object was ‘discovered’ to be nearby (3.6+0.4 pc) with very high proper motion
(57.05+07.03 yr!) [283]. Tt is suspected of being young and was tentatively associated
with the Argus Association (30-50 My, 15-48 pc) [101], though parallax measurements
rule out this association [102]. Teegarden’s Star has a measured rotational velocity
(v sin 7) of 10+4 km/s [13]. If this star is indeed young, the relatively low radial
velocity could indicate its inclination is nearly 0° (pole-on). There are no documented
radio detections of Teegarden’s Star. There is a radio source in NVSS located 1.5
arcmin from Teegarden’s Star [55], but this is likely a different object given the large

separation.

Teegarden’s Star was observed as part of the Red Optical Planet Search [14]. Tee-
garden’s Star exhibited RV variations that could be consistent with a ~0.2M ;planet
in a 2.06 day orbit (a = 0.014 au), but the authors emphasize that there was not
enough data to claim a planet detection. Additional observations rule out “plan-
ets more massive than m, sin ¢ = 0.5 Myat 0.03 au” [13]. The authors note that
the chromospheric activity of Teegarden’s Star inhibits higher precision RV measure-
ments. Teegarden’s Star is a target of the MEarth survey [141] and has 1112 data
points as of 2015 [77].
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UGPS J072227.51-054031.2 UGPS J072227.51-054031.2 (UGPS 072205 for short)
is a T9 C brown dwarf. It was discovered in 2010 [182] as part of the United Kingdom
Infrared Telescope Deep Sky Survey (UKIDSS) Galactic Plane Survey (UGPS) [181].
At the time it was discovered, UGPS 072205 was the closest known isolated brown
dwarf*. Tt is the coolest of the known T9 dwarfs (7.7 = 480-560 K). In the discovery
paper, UGPS 072205’s age is estimated to be between 0.2-2 Gyr and mass 5-15M.
These values were refined with additional spectroscopy in [175] to T.;; = 505+10 K,
M = 3-11M}, and age 60 Myr to 1 Gyr. The revised mass brings UGPS 072205 into
the planetary regime. It’s measured rotational velocity (v sin ¢) is 40£10 km/s [25].
No companion was detected with adaptive optics imaging in H and K bands [30].
As with Teegarden’s Star, there is a source in NVSS 1.9 arcsec from the position of

UGPS 072205, but again it is likely a background source.

Ross 614 See Section 4.4.2

van Maanen’s Star Van Maanen’s Star (van Maanan 2, HIP 3829, Gl 35, Wolf
28, LHS 7, WD 0046+05) is a helium-rich white dwarf with a metal-contaminated
atmosphere (DZ7.5 [311], M=0.69M,, T=6200K [89]). It is the closest white dwarf
to the Sun that is not part of a binary (Sirius B, Procyon B). The progenitor of van
Maanan’s Star was a M=2.6 M and lived for 900 Myr. The total age of the white
dwarf remnant is estimated at 4.1 Gyr [42].

An unseen companion has been suggested for van Maanan’s Star based on Hip-
parcos astrometry with a period of 1.57+0.14 years and mass of 0.06+0.02M[188].
Farihi & Becklin (2004) searched for the companion with Keck AO and IRTF. Those
observation ruled out the massive companion predicted in [86]. Spitzer observations
further constrain the mass and temperature of possible companions [87] and found
no evidence of a dust/debris disk [89].

Large Jovian-mass companions are ruled out for van Maanan’s Star, but sub-

Jovian planets may still exist now, or may have existed in the past. The metal-

4There are several sub-stellar objects closer to the Sun than UGPS 072205 discovered since
Kirkpatrick et al. (2012) [154]. See [189, 184]
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rich atmosphere of this DZ white dwarf may be the remains of planets that were
accreted onto the star [85]. This process has been observed in action through transit
photometry of another metal-rich white dwarf [297]. If there are present-day sub-
Jovian planets orbiting van Maanan’s star, and if van Maanan’s star has a magnetic
field, radio emission could be generated from interactions between the white dwarf’s
magnetic field and an orbiting planet [315]. There is no radio detection of this object

in the literature to date, however.

4.3 Data

The data that comprises the Nearest Stars survey (to date) was obtained through two
LOFAR proposals in Cycle 4 and Cycle 5, a VLA proposal (described below), and
commensal observations with the VLITE P-band system [234]. Twenty-two LOFAR
LBA hours were granted in Cycle 4°. The time was split between two targets (Gl 411,
G1 725). Each target was observed once for three hours and four times for two hours
over a period of three months. Ten hours were granted in Cycle 5. All Cycle 5 time
was devoted to Wolf 359. The available time was divided into five 2-hour observations
spread over four months. VLITE P-band data is available for all VLA observations
upon request. The VLA proposal and observations are described below. This work
describes the VLA L-band and S-band data only; data reduction for LOFAR data
and VLA P-band data (both proposed and VLITE) is ongoing.

4.4 VLA Observations

Five of the ten nearby targets were observed with the VLA as part of observing
proposal VLA-16A-379. The observations were carried out during ‘filler time’ or

C-priority. Proposals granted this type of observation are fit in around other obser-

SProposal LC4.018, D. Winterhalter (PI), J. Lazio, W. Majid, M. Knapp, P. Zarka, J-M. Griess-
meier, T. Bastian, A. Beasley.

SProposal LC5.009, D. Winterhalter (PI), J. Lazio, W. Majid, M. Knapp, P. Zarka, J-M. Griess-
meier, T. Bastian, A. Beasley.
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Table 4.3.  Observations of Nearest Stars Survey targets to date.

Name Gl/GJ Distance Spectral Obs. Obs. Obs. Obs. with
number (pc) type L-band  LS-band  P-band LOFAR

Wolf 359 Gl 406 2.386 M6 V - - 5 Yes
Lalande 21185 Gl 411 2.547 M2V - - - Yes
Procyon A Gl 280 A 3.514 F5 IV-V 6 5 - No
Procyon B Gl1280B ... DA No
Sigma 2398 A Gl 725 A 3.569 M3 V 5 0 5 Yes
Sigma 2398 B Gl725B .. M35V Yes
G 51-15 GJ 1111 3.626 M6.5 V 5 0 - No
Luyten’s Star Gl 273 3.803 M3.5 V - - — No
Teegarden’s Star 3.857 M6 V - - 5 No
UGPS J072227.51-054031.2 ... 4.065 T9 5 0 - No
Ross 614 A Gl 234 A 4.127 M4-4.5 V 5 5 - No
Ross 614 B Gl234 B .. M4.5-6.5 V No
van Maanen’s Star Gl 35 4.301 DZ8 - - 5 No

vations by the automated scheduler. Details of the VLA observations can be found

in Table 4.4.

4.4.1 Methods: Data Reduction

The data were flux and phase calibrated using the standard VLA pipeline [295] in
CASA [194]. The calibrated data were imaged using CLEAN [136] in Stokes I and V.
Beam squint [59] was not an issue for these observations since the target source was
at or very near the beam center. Additional self-calibration was unnecessary since the
image noise floors were close to the predictions from the VLA exposure calculator,
indicating that pipeline calibration was sufficient.

After the standard calibration pipeline, each five minute observation was first
imaged using the full bandwidth and integration time for maximum sensitivity, then
imaged in each spectral window separately in order to generate a coarse spectrum.
Individual observations were also imaged in sub-integrations of 30 and 60 seconds to
search for rapid time variability. After imaging, the central region of each image (100
pixels square) was searched for sources using CASA’s imfit routine. The same region
was also fit using PyBDSM [198], a source-fitting package developed for LOFAR. Fluxes
and positions from PyBDSM were generally more accurate and less prone to sidelobe

fitting than imfit (), so PyBDSM results were preferred.
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The source position for detected flux was compared with the expected position
of Ross 614 at the time of observation. Since Ross 614 is a high proper motion
object, its current position is more than one synthesized beamwidth away from its
J2000 position. The detected source is therefore shifted slightly from the center of

the image since the J2000 position was used as the phase center for each observation.

4.4.2 Ross 614 Stellar Flare Detection

Ross 614 AB (GI 234, V577 Mon, HIP 30920) is an M-dwarf binary system 4.1 parsecs
from the Sun. Both binary components are mid- to late-M dwarfs, though there is
some disagreement about the masses, particularly for Ross 614 B. SIMBAD [310] lists
spectral types of M4V and M5.5V E for A and B respectively, while [264] lists M4.5V
and M7V. The binary has a period of 16.6 years, is moderately eccentric (0.381),
and inclined by 53.93° to the line of sight [107]. Mascarenio et al. (2016) found a
photometric rotation period for Ross 614 A of 8.1 4+ 0.1 days and a longer variability
cycle of 5.9 4+ 0.5 years that may be a magnetic cycle [280]. Since the binary is
unresolved in the photometry, these periodicities are assigned to Ross 614 A because
it is the brighter component. The measured vsini from HARPS is 4.73 km/s [137].
This value does not agree with the values attained by Shulyak et al. [264] who found
vsini of 6.15 m/s and 12.95 m/s for A and B, respectively.

Ross 614 AB is listed as a flare star of the UV Ceti type [306] and is associated with
a ROSAT X-ray source [125]. Optical flares at a rate of ~1 per hour were reported
by Zalinian et al. (2002) [330]. There are previous radio detections of Ross 614 AB
at L-band (420 uJy) and C-band (550 pJy) [313]. The system was not detected at
C-band (<180 pJy) [318] two weeks prior to the observations in [313]. The binary was
not detected by McLean et al. (2012) at X-band (< 81 uJy) [193]. There is an NVSS
(1.4 GHz) 2.6 mJy source 0.1 arcmin from the position of Ross 614 AB [55]. High
activity is unsurprising given the age of the system, though its activity is apparently
intermittent since it is not detected in all observations. The magnetic field strength
of the two components is also uncertain, but 2.5-2.75 kG has been estimated for A

by [264] via infrared spectroscopy.
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Ross 614 AB has been associated with either the Pleiades Moving Group (20-150
My) [199] or the Tucana-Horologium (30 My) [212]. In either case, the system is
young, less than 150 My. The WISE survey detected no infrared excess in the system
[10]. There are no known planets in the Ross 614 AB system, but [81] and [142]
determined that there are stable orbits around each of the components and that the
range of stable orbits spans the habitable zone of each star. Ross 614 AB was part
of the Gemini Deep Planet Survey [163], but no large, long period companions were

detected.

Ross 614 VLA Observations

Ross 614 AB, an M-dwarf binary, was observed 10 times during VLA’s 2016A semester
as part of proposal 16A-379. The timing of the observations was at the discretion of
the observatory since the proposal was given 'C’ priority. Each target field observation
lasted approximately six minutes and was preceded by flux and phase calibrator scans
of J0521+1638 and J0607-0834 respectively. The observation dates and band setups
are shown in Table 4.4. Six observations were clustered in late February/early March

2016 and the remaining four observations occurred in April 2016.

Results

Strong radio emission was detected in each of the first six VLA observations of Ross
614 AB as well as the eighth. Example images are shown in Figure 4-2. No emission
was detected in the other three observations. Figure 4-3 shows the detected flux in
Stokes I (red) and V (blue) from full integration time and bandwidth images generated
from each observation. The image RMS noise floor is indicated for each observation
in the bottom panel. All six detections were moderately left-hand circularly polarized
(~50%) as indicated in the middle panel of Figure 4-3.

The measured fluxes for the first six observations with detections vary from 1-7
mJy (Stokes I), while the last is ~ 350 pJy. The image noise floors are below 30
pdJy for LS-band and 45-90 pJy for L-band, yielding a signal-to-noise ratio greater
than 10 on the first six detections. The last detection (4/27/16) is weaker, but still
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Table 4.4. VLA observation log for Ross 614, VLA semester 2016 A

Target Start Time Stop Time Duration Band(s) VLA Calibrators Detection?
Config. (flux, phase)
Ross 614 2/16/2016  2/16/2016 L, S ¢ J0521+1638, Yes
1:24:09 1:44:33 00:20:24 J0607-0834
Ross 614  2/27/2016  2/27/2016 L, S ¢) J0521+1638, Yes
00:05:25 00:25:49 00:20:24 J0607-0834
Ross 614  2/27/2016  2/27/2016 L, S C J0521+1638, Yes
02:55:04 03:15:26 00:20:22 J0607-0834
Ross 614  2/27/2016  2/28/2016 L, S C J0521+1638, Yes
23:50:56 00:11:19 00:20:23 J0607-0834
Ross 614  2/28/2016 2/29/2016 L, S C J0521+1638, Yes
23:56:50 00:17:15 00:26:25 J0607-0834
Ross 614  3/03/2016 3/03/2016 L C J0521+1638, Yes
23:31:55 23:53:17 00:21:22 J0607-0834
Ross 614  4/09/2016 4/09/2016 L C J0521+1638, No
23:09:59 23:31:26 00:21:27 J0607-0834
Ross 614  4/27/2016  4/27/2016 L C — CnB  J0521+1638, Yes
01:18:36 01:40:03 00:21:27 J0607-0834
Ross 614  4/30/2016  4/30/2016 L CnB J0521+1638, No
20:18:39 20:40:06 00:21:27 J0607-0834
Ross 614  4/30/2016  4/30/2016 L CnB J0521+1638, No
20:40:08 21:01:04 00:20:56 J0607-0834
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Figure 4-2: Example cleaned images of the Ross 614 AB field. Left panel shows an
observation with a clear detection. Right panel shows an observation with no detected
flux from the position of Ross 614. Both images are L-band.
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Figure 4-3: Timeseries of Ross 614 AB VLA observations. Top panel shows detected
flux vs. time. Spurious detections with large error bars were rejected based on visual
inspection of the relevant images. All points in the top and middle panels have
error bars, but most error bars are smaller than the markers. The center panel shows
polarization fraction for each detection. The bottom panel shows the image RMS level
for each observation. There is no polarization fraction for the 4/27/16 observation
since no Stokes V source was detected. The Stokes V image RMS is lower than Stokes
I, as expected, since there are very few circularly polarized sources in the sky. In two
cases (2/27/16, 4/30/16), there was more than one observation on the same day. The
data show a week-long period of enhanced but variable radio emission that may be
attributable to a long-lived active region.
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significant. The higher frequency, wider bandwidth LS-band observations have lower
noise than the L-band observations, as expected.

The recovered position of each detected source was compared to the expected cur-
rent position of Ross 614 AB, accounting for proper motion. All detected sources were
consistent with Ross 614 AB within the synthesized beamwidth of the observation
(Figure 4-4). The interferometric resolution was not sufficient to spatially separate
the binary components, so both stars are within a synthesized beam. There are no
known extragalactic sources in close proximity to the current location of Ross 614
AB, so the detected flux is likely from one or both of the stars in the binary.

The spectral behavior of each LS-band observation is shown in Figure 4-5 . The
two brightest detections (2/26/16 blue, 2/28/16 orange) show the most interesting
spectral behavior. There is no consistent spectral shape across all observations. The
polarization fraction (Figure 4-5, bottom panel) stays roughly constant within the
error bars. Stellar radio emission is commonly interpreted on a dynamic spectrum
plot (time vs. frequency), but the short duration of the observations in this campaign
preclude typical dynamic spectrum analysis. Stellar radio bursts show complex, fine
time-frequency structure throughout their evolution, so it is unsurprising that the

spectra of the Ross 614 AB flare observations vary relative to one another.

Radio Emission Source and Mechanism

The high degree of polarization effectively rules out background sources or thermal
emission, since neither are typically highly circularly polarized. The remaining can-
didates are stellar or planetary non-thermal emission. Stellar non-thermal emission
can be generated coherently by the electron cyclotron instability mechanism, plasma
emission (as in type I1/I1I solar radio bursts), or incoherent gyrosynchrotron emission
[16].
Planetary radio emission in the solar system is exclusively an electron cyclotron/synchrotron

maser process [331]. Planetary electron cyclotron maser emission (involving non-
relativistic electrons) is highly (>90%) circularly polarized. Detected radio emission

from brown dwarfs is also very highly polarized [127]. The moderate degree of polar-
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Figure 4-4: Locations of detected sources near Ross 614 AB. Stokes I (red) and Stokes
V (blue) source locations are plotted with error bars reported by the source fitting
tool. Each detected source is plotted with the synthesized beam ellipse (red and blue,
dashed) that is relevant for each observation. The position of Ross 614 AB at the
time of each observation is marked with a black cross. Ross 614 AB’s J2000 position
and the phase center of each observation is indicated by a black X. All but one of the
detected sources are consistent with the current location of Ross 614 AB. The outlier
source in the lower right corner is likely a sidelobe that was fit by mistake based on a
visual inspection of image. Aside from the outlier, all detections are consistent with
the location of the Ross 614 and may be confidently attributed to the system rather
than a background source.
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Figure 4-5: Spectra from five LS-band observations of Ross 614 AB. Top panel shows
Stokes I flux as a function of frequency. Bottom panel shows circular polarization
fraction as a function of frequency.

ization seen in the Ross 614 AB observations is more consistent with stellar activity
(likely a flare or series of flares) than planetary emission. The recurrence of flare-like
emission over several days is suggestive of a very active region rotating in and out
of view. The isolated, weak detection on 4/27/16) could either be slightly elevated

quiescent emission, a weaker flare, or the declining phase of a large flare.

The polarization fraction observed generally agrees with higher frequency obser-
vations of flares on late-type stars in Berger (2002) [21]. Following the analysis in
[21], the emission brightness temperatures range from ~ 10? - 100 if the flare emis-
sion is assumed to come from the whole corona (~ 0.1 Ry, ) to ~ 101 - 10'? if the
energy comes from a coronal loop (~ 0.1 Ry, ). Since the observing frequencies are
well below 10 GHz, the stellar emission is likely coherent (CMI or plasma emission)
[16]. Without a high resolution dynamic spectrum, it is difficult to determine which
mechanism is at work. If the mechanism is electron cyclotron maser instability, the
magnetic field of Ross 614 AB (or a large active region on one of the stars) is >1400

G since no frequency cut-off was observed. If the emission from a plasma process,
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the emission frequency is either the local plasma frequency or a low order harmonic
of it. The plasma density that corresponds to a plasma frequency of 4 GHz is 4 -
10* ecm~3. If the cyclotron frequency is assumed to be less than half of the plasma
frequency, then the implied magnetic field would be < 700 G. The B-field calculated
assuming an electron cyclotron mechanism is in better agreement with the literature
estimate for Ross 614 A (2.75 kG), though it is not possible to rule out either of the
other two emission mechanisms definitely. It is also not possible to determine which

star hosted the detected flares, or whether all the flares came from the same star.

Conclusions

We report six strong, circularly polarized detections of radio emission from the M-
dwarf binary Ross 614 AB over two weeks using the VLA LS and L-band. The
most likely source of the detected radio emission is a series of stellar flares, perhaps
from a large active region on the surface of one of the stars. It is not possible to
rule out planetary radio emission or planetary influence on stellar emission with the
available data. Longer individual observations as well as good temporal coverage over
several weeks (to cover several 8-day stellar rotation periods) are required to determine
whether the intermittent radio emission is periodic. High resolution dynamic spectra
would be useful in ruling out type II/IT bursts, while simultaneous optical monitoring
could indicate whether flares are indeed the source of emission for this system.

It was not possible to determine which component of the binary was responsible
for the flare activity since the components were not resolved with the VLA. VLBI
observations could easily separate the two stars and attribute any flares during the
observation to one or the other. Multi-wavelength campaigns are the gold standard
for stellar flare research since they detect energy release across the spectrum and
probe different heights in the stellar atmosphere as well as different energetic particle
populations (see [225] for a multi-wavelength campaign targeting EV Lac). A multi-
wavelength campaign combined with VLBI observations would offer the best chance
of attributing flares to individual binary components and of determining the emission

mechanism. The addition of Zeeman doppler imaging (ZDI) would provide a map of

125



the magnetic field and perhaps even allow tentative localization of flare events.

4.4.3 Survey Results

The goal of the Nearest Stars survey was to set physically meaningful upper limits on
radio emission from stars or substellar companions in the solar neighborhood. Though
we set out to search for exoplanetary radio emission, the survey has turned out to
be perhaps even more useful for constraining radio emission from nearby cool stars.
There are few measurements of stellar radio emission (or limits) in L-band or S-band
in the literature; this work has contributed the first limits in these bands for the stars
surveyed (other than Ross 614). Figure 4-6 shows the flux and luminosity upper limits
that result from non-detections in this work. Figure 4-6 also shows limit values from
literature and from surveys (Chapter 3) for these objects. Table 4.4.3 summarizes
flux and luminosity limits (Stokes I) from this survey and literature. Stokes V limits
from this work are shown in 4.4.3. See Section 8.2 for a discussion of the limitations

of these upper limits.

This survey rules out substellar companions with B-fields >350-1400 G with qui-
escent emission in the cyclotron maser mode. The limits also place strong constraints
on the magnetic fields of these stars. The 3-0 limits obtained are within a factor of
5 of Jovian radio luminosity and on par with, or lower than, stellar radio luminosi-
ties measured at higher frequencies. Future work on the P-band and LOFAR data
from this survey may reveal radio emission from weaker B-fields, or further constrain

allowed field strengths.

Substellar companion non-detections notwithstanding, radio observations of stel-
lar radio emission are a useful tool for assessing the space weather conditions for stars
with known planets. Gl 411 and Lutyen’s Star now fall into that category, although
unfortunately neither was observed by the VLA. Measuring stellar magnetic fields and
placing constraints on flare rates and flare energies are critical for modeling exoplanet

atmosphere evolution for individual planets.
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Table 4.5. Radio detections and limits

Procyon GJ 725 GJ 1111 UGPS
Flux L, Flux L, Flux L, Flux L,
(nJy) (10'? erg (1Jy) (10 erg)  (nly) (10'2 erg (nJy) (10'2 erg
g1 Hz’l) g1 Hzfl) s—1 Hzfl) s—1 Hzfl)
74 MHz* <2.61-10° <3853 <2.34-10° <3572 <2.32:10° <3650 <3.93-10° <7767
150 MHz® <6.71-103  <99.1 <1.10-10*  <162.6 <9.41-103  <148.0 <7.62-10%  <150.7
1-2 GHz <182 <2.69 <338 <5.16 <225 <3.54 <321 <6.35
2-4 GHz <44 <0.66 — — — — — —
4-8 GHz  <90¢ <1.3¢ <1414 <2.154 <23° <0.36° — —
812 GHz 33f 0.48f — — — — — —
115f 1.7F — — — — — —
Note. — Limits are from this work except where otherwise specified. Limits from this work (including Ch. 3) are 3-0, Stokes
. See Table 4.4.3 for Stokes V limits.
aVLSSr, Ch. 3
bTGSS ADRI, Ch. 3
°[28]
4[31]
°[317]
78]
Table 4.6. Stokes V flux and luminosity limits
Procyon GJ 725 GJ 1111 UGPS
Flux L. Flux L. Flux L. Flux L.
(1Jy) (10'% erg (1Jy) (10'2 erg) (1Jy) (102 erg  (uly)  (10'% erg
s~ Hz™1) s~ Hz71) s~ Hz™1) s~ Hz™1)
1-2 GHz <90 <1.32 <105 <1.61 <101 <1.60 <124 <2.46
2-4 GHz <43 <0.64 — — — — — —

Note. — Limits are 3-0, Stokes V. See Table 4.4.3 for Stokes I limits.
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Figure 4-6: Flux (a) and luminosity (b) limits and detections for VLA Nearest Stars
observations. Marker shapes represent the type of limit or detection; marker col-
ors indicate the object observed. Limits for 74 and 150 MHz are derived from the
archival search described in Chapter 3. Limits and detections for 1.4 and 2.5 GHz
are from this work and from literature (see Tables 4.4.3, 4.4.3). All higher frequency
detections/limits are from literature.

4.5 Discussion

The limits obtained by this survey are such that we would have detected any planet
with 10x Jovian luminosity if it was emitting while we were observing and if the
emission was beamed toward the Earth (see Figure 4-7). This survey did not have
sufficient time coverage to detect periodic modulation of stellar radio emission due to
stellar rotation, magnetic cycles, or magnetic interactions between the stellar mag-
netic field and a planet (Jupiter-Io type interaction). Targeted observations of known
planets are best suited to detecting star-planet interaction since such observations
can either follow the planet for multiple orbits (if the period is sufficiently short),
or observe multiple phase points in the planets orbit in order to compare radio flux
at each point (Io-related Jovian emission is strongly lo-phase dependent). A future
survey could search for star-planet interaction by targeting one star at a time and

observing it continuously for as long as possible. Planets moving fast relative to the
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co-rotation of the stellar magnetic field are most likely to drive radio emission [334], so
continuous observations could be limited to a few days. Targets that are circumpolar

are best suited to this search strategy.

w1 Jupiter flux
= 10x Jupiter flux

) [ 100x Jupiter flux il
107 = == 1000x Jupiter flux |3
F - - LOFAR LBA sensitivity| ]

----VLA P-band sensitivity |

10'E VLA L-band sensitivity N
e R VLA S-band sensitivity |3
~VLA C-band sensitivity| ]

Distance from Sun (pc)

Figure 4-7: Limits obtained compared to scaled Jovian flux. Yellow downward trian-
gles and stars are L-band and LS-band Stokes I 3-0 limits, respectively (Table 4.4.3).
cyan downward triangles and stars are L-band and LS-band Stokes V limits, respec-
tively (Table 4.4.3). Any planet or star with flux ~10x Jupiter that was emitting in
the direction of Earth during the observation would have been detected.

The observing strategy for star-planet interaction in systems with known planets
is distinct from the observing strategy for searching for as-yet unknown companions
of nearby stars. In the first case (‘characterization’), observations can be organized
around the period of the planet and perhaps focused on certain orbital phases of the
planet (Ch. 5). The rotational period of the star, if known, should also be taken
into account. In the second case (‘detection’), there is no known planetary period to
guide observations. In the detection case, observing continuously over a long period
of time is ideal because there is no way to predict when a planet in the system might
emit a bright burst of radio emission either in response to a stellar event or to a
transient event within the planet’s magnetosphere (e.g. a major volcanic eruption on
a moon injecting extra plasma into the magnetosphere). The Owens Valley LWA,

which is capable of observing the entire sky continuously with high time resolution,
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is conducting just such a survey [5]. Distinguishing stellar bursty emission from
planetary emission is a problem, but any detection at all can be used to justify follow-
up observations with other instruments, preferably over a wider frequency range.
Instruments that cannot observe the whole sky all time time (VLA, LOFAR,
VLBA) can also be used for ‘detection’ surveys, though they are better suited to tar-
geted ‘characterization” work. Pointed instruments can be effective for small surveys
where their formidable collecting area, bandwidth, and angular resolution are trained
on a small set of targets (as in this survey). The next iteration of this survey would
benefit from longer observations of each target to look for periodic behavior and/or
random energetic events. The time occupancy of the brightest solar system events is
low because those events are highly energetic and therefore rare. The time coverage
needed to ‘guarantee’ detection of a planet, if it exists, is difficult, if not impossible,
to determine. Given the constraints on oversubscribed pointed instruments and the
physical constraints of being on the Earth’s surface (horizon), pointed instruments
cannot observe a single target indefinitely. Upper limits derived from targeted ‘de-
tection’ surveys come with the asterisk that there may be radio emission from target
systems, but it was missed due to breaks in temporal coverage. Nevertheless, planets
around nearby stars are highly valuable since they can be most easily characterized.
Searching for these planets by any and all observational means available increases the

chance of finding high value follow-up targets.
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Chapter 5

Radio Observations of HD 80606 b:
An Eccentric Hot Jupiter

Eccentric giant planets that pass close to their host star during periastron present
a unique opportunity for radio detection. Exoplanet radio detection is riddled with
uncertainties (see Section 1.2.2, 1.3.3); above all, the bursty nature of radio emission
observed from solar system planets makes it difficult if not impossible to predict
when an exoplanet should be emitting strongly enough to be detected. Eccentric
giant planets, however, are predicted to be brightest in the radio (assuming they emit
at all) during their periastron passage when stellar wind intensity incident on the
planet’s magnetosphere is at maximum (see Section 1.2.3). This chapter describes
two observational campaigns that focus on periastron passage of HD 80606 b, an

extremely eccentric massive planet that passes within 6 R,of its host.

5.1 HD 80606 System

HD 80606 is a main sequence G5 star (V-mag = 9.1) that hosts a highly eccentric
(e = 0.934 £+ 0.003) giant planet, HD 80606 b (M sin i = 3.89 £+ 0.188 M) [210].
HD 80606 b transits its host star and has a measured radius of 1.029 R;[204]. It
has been suggested that HD 80606 b’s tight, highly eccentric orbit may be a result of
interaction with HD 80606’s distant binary companion, HD 80607 [327]. This system
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is a valuable target for radio observations because its highly eccentric orbit exposes
the planet to a wide range of stellar wind intensities. Assuming that the planet has a
magnetosphere and that the strength of its magnetospheric radio emission is driven
by the incident stellar wind (as is the case with the Earth), the radio flux from HD
80606 b should increase dramatically as it approaches and passes through periastron.
This predictable periodicity is helpful for disentangling other effects, such as planetary
rotation and stellar rotation. The goal is to use the contrast between flux at apastron
and periastron to constrain the field strength as well as the amplification due to the

stellar wind. See Figure 5-1 for a schematic of HD 80606 b’s periastron passage.

HD 80606 has been observed using the VLA at 1425 MHz and 325 MHz by Lazio et
al. (2010) [170]. No emission was observed and upper limits on planetary luminosity
were determined to be 2.7 - 10 ergs/s (1425 MHz) and 2.3 - 10%* ergs/s (325 MHz).
These values are several orders of magnitude greater than the luminosity of Jupiter
at 40 MHz (2 - 10'® ergs/s). There are various explanations for the non-detection
in the VLA observations. Radio emission from planetary magnetospheres is often
strongly beamed and the beam angle and direction depend on the planets rotation
axis as well as the structure of the magnetic field. If Earth is not within HD 80606 b’s
emission cone, no radio emission will be detected no matter how strongly the planet
may be emitting. Another possible explanation is that the planet’s radio emission
cuts off at a lower frequency than the observed frequency. The LOFAR observations
are intended to probe a lower frequency regime to address this issue. Finally, the
system is fairly far away (58 pc), so the sensitivity of the VLA may not have been

high enough to make a detection.

HD 80606 b radio detection is something of a long shot given its distance (58 pc
[37]), but at the time of the original LOFAR proposal it was the only known massive,
highly eccentric planet that could be observed with LOFAR to test the theory of
extreme solar wind radio flux enhancement. The radio signal from HD 80606 b is
expected to be very faint (mlJy) if it is present at all. A naive estimate for the flux
from HD 80606 b can be obtained by simply scaling the luminosity of Jupiter to the
distance of HD 80606. This yields a flux density of 70 nJy, well beyond the capabilities
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Figure 5-1: HD 80606 b periastron passage schematic. HD 80606 b passes ~6 R,from
its host at closest approach. Image credit: G. Laughlin.
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Table 5.1. LOFAR Cycle 0 observations of HD 80606 b

Epoch Date Observed HD 80606b Orbit Location Comment

Epoch 0  March 2013 Near apastron Serves as baseline
for other observations
Epoch 1 January 24, 2013 48 hours pre-periastron
Epoch 2 January 25, 2013 18 hours pre-periastron
Epoch 3  January 27, 2013 18 hours post-periastron
Epoch 4  January 28, 2013 48 hours post-periastron

of LOFAR or any other existing low frequency telescope. Scaling the flux by a factor
of 3000 to account for the higher density solar wind at HD 80606 b’s periastron
passage increases the predicted flux to 200 uJy [170]. These estimates assume a
planet identical to Jupiter; if HD 80606 b is intrinsically, say, 10x more luminous in
the radio than Jupiter, the expected flux at periastron passage rises to 2 mJy, a value
that is close to the current detection thresholds of existing telescopes like LOFAR.
The unknown HD 80606 b magnetic field strength as well as the unknown stellar
wind intensity and variability increase the uncertainty of these estimates. LOFAR
observations can, at minimum, rule out the most extreme scenarios for radio emission

from this system.

5.2 Datal

J. Lazio, D. Winterhalter and collaborators requested and received 30 hours of LOFAR
Cycle 0 time on HD 80606. The time was divided into five 6-hour observations. The
first four observations (designated Epochs 1-4) were collected around the 12/27/13
periastron passage of HD 80606b (see Table 5.2). This section focuses on Epoch 1
which was observed approximately 48 hours before periastron passage. Epoch 2 was
observed 18 hours before periastron passage, Epoch 3, 18 hours after periastron, and
Epoch 4, 48 hours after periastron. Epoch 0 was observed two months later when HD
80606b was close to apastron. Observations at or very near to periastron were avoided
due to concerns that the plasma frequency of the dense stellar wind plasma near the

star might block the transmission of planetary radio emission at low frequency.

1Some of this work was presented as Project 2 for the EAPS General Exam.
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185562_all_flagged.MS

Figure 5-2: UV plane coverage for Epoch 1 observation. ‘U’ is the horizontal axis and
‘V’ is the vertical axis. Both axes have units of kA. The dense LOFAR core accounts
for the dense coverage at short baselines. For clarity, only 1 out of every 10 channels
is plotted. See Chapter 2 for details on LOFAR’s layout and station architecture.

All five observations were made using LOFAR’s Low Band Array (LBA, see Section
2.4). The LBA is capable of observations from 10-90 MHz, but the 30-75MHz filter
was used for the HD 80606 observation. The use of this narrower filter improves noise
rejection at the top and bottom of the bandpass. LOFAR is built in a hierarchical
structure. Each LOFAR ‘station’ is the equivalent of a single parabolic dish in higher
frequency arrays like the VLA. An LBA station is composed of 96 crossed dipole
antennas, although only 48 can be beamformed at the same time. The inner 48
or outer 48 antennas may be selected depending on the needed primary beam size
and sidelobe level requirements. The ‘LBA Outer’ configuration was used for this
observation. The beamformed observations from each station are then cross correlated
in typical interferometric fashion. All five observations used the full Netherlands array

(37 stations). Figure 5-2 shows (u,v) coverage for the Epoch 1 observation.

Calibration sources are observed simultaneously with the target source. Parabolic

dish interferometers (VLA, ALMA, GMRT) typically switch back and forth between
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a target field and a calibrator field. Simultaneous observation of the calibrator and
target improves the quality of the calibration, particularly for fast variations in iono-
spheric conditions. The LBA stations can form multiple beams, so a typical obser-
vation set-up has one beam on the main target field and one beam on the calibrator
field. For the HD 80606 b observations, half of the bandwidth (every other one of
the 256 195 kHz sub-channels) was devoted to the calibrator and the remaining half
to the HD 80606 field. This means that the actual bandwidth on the target is 1/2 of
the 45 MHz implied by the width of the filter. Standard data cleaning and calibra-
tion procedures, including RFI flagging, flux, phase, and gain calibration, and time
domain averaging, were performed by the observatory using the LOFAR standard
calibration pipeline. The resulting data product was packaged as a Measurement Set
(MS) and delivered to the proposers. The MS file contains the calibrated complex
visibilities for the full 6-hour observation. There are 4 complex numbers (polariza-
tion products XX, YY, XY, YX) at each time point (10 seconds) in each of the 120
subbands. In theory, calibrated data is “image ready” and should be immediately
usable for analysis. In practice, some additional flagging was required to remove bad

data points before imaging could proceed.

5.3 Imaging

The primary challenge in searching for exoplanetary radio emission is that the struc-
ture of the signal is unknown in both time and frequency. Observations of solar sys-
tem planets show that planetary radio emission can vary dramatically over timescales
ranging from seconds to days or months [147]. The observed spectrum can vary also.
Additionally, it is not possible to estimate the planetary magnetic field of HD 80606
b with confidence, so the expected cut-off frequency is not known either.

The fundamental trade-off in the analysis of this data is between time/frequency
resolution and sensitivity. Increasing the integration time or bandwidth will improve
the signal to noise ratio, but transient bursts might be averaged out. The data was

therefore imaged at a range of resolutions in time and frequency to provide the best
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Table 5.2. Time and frequency divisions used for imaging

Step sizes Number of images for each step size

Time division 5:37.5, 11:15, 15:00, 22:30, 64, 32 ,24, 16,
30:00, 45:00, 60:00, 90:00, 12 .8, 6, 4, 3,2
120:00, 180:00 minutes

Time division 1, 2,4, 8, 15, 120, 60, 30, 15,
16*, 30, 60 sub-bands 8, 8% 4,2
Note. — Time and frequency divisions used for imaging. Subbands are 195 kHz wide.

chance of detecting a signal if it is present. The dataset was broken up into chunks
in both time and frequency and imaged. The first set of images was intended to
produce a time series “light curve” by binning the data in time. The second set
binned the data in frequency to produce a rough spectrum. The binning started with
small chunks of data and then progressively doubled the size of the chunks until they
were 1/2 of the full dataset (Table 5.3, Figure 5-3). The time series analysis used the
center 75% of the bandwidth (SB 15-105). The spectral analysis used the full 6 hour
time range. A set of 12 reference objects from the 4C [233] catalog were selected in
order to remove systematic trends (Table 5.3). The approach is similar to the use
of an ensemble of standard, non-variable stars for precision photometry in optical

astronomy.

16 SB 1 t|t t|t tlt tlt tlt t|t t|t tlt

3258 2t 2t 2t 2t 2t 2t 2t 2t

16SB 4t 4t a4t 4t
64 SB 8B

r
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165B.

645B 858
16B

32 5B

16SB

Time Time

(a) Frequency division (b) Time division

Figure 5-3: Schematic illustrating the time/frequency division concept for imaging.
The left chart shows division by sub-bands (SB) to generate a coarse spectrum. The
right figure illustrates binning by increasing time intervals to generate a light curve.

All flagging, imaging, and fitting was performed using CASA [194], a software
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Table 5.3. Reference sources from 4C catalog.

Source RA1950 DE1950 4C Flux VLSS Flux VLSS Spectral Flux 74 Flux 52 Flux 178

Name (178 (74 Flux Index MHz MHz MHz
MHz) MHz) Err (calc) (calc) (calc)
h:m:s d:m:s Jy Jy Jy Jy Jy Jy
4C47.3 09 14 05.0 447343 2 5.32 0.57 -1.054 10.075 14.611 3.996
4C48.23 08 58 15.3 +4853.9 2.9 1.91 0.2 -0.819 2.284 3.050 1.113
4C48.24 0911 184 448522 3.8 5.14 0.52 -0.736 7.094 9.198 3.718
4C48.25 09 26 56.9 +4843.9 2.8 5.88 0.59 -0.724 6.210 8.017 3.290
4C48.26* 09 28 14.9 +4803.1 2.9 1.62 0.18 -0.778 5.431 7.148 2.742
3.57 0.39
4C50.28 09 00 19.6 +5026.4 2.9 6.81 0.68 -0.729 8.055 10.419 4.247
4C50.29 0914114 450179 2.8 5.22 0.52 -0.911 7.216 9.950 3.244
4C51.27 08 57 24.5 +5116.7 2 1.12 0.13 -1.018 4.020 5.756 1.645
4C52.2 09 08 37.8 +5251.8 3.6 7.35 0.8 -1.101 11.918 17.577 4.534
4C52.21 09 23 21.6 +5217.7 2.3 8.06 0.83 -1.086 7.938 11.645 3.060
4C53.18 0919198 453138 74 16.16 1.65 -0.840 17.107 23.009 8.184
4C53.19 0924 53.1 453274 3.8 13.26 1.35 -1.238 14.253 22.059 4.808

Note. — Fluxes from 4C and VLSS as well as spectral fits from SPECFIND [301] are included. The spectral fits were
used to calculate the expected flux at three frequencies (right 3 columns).

*Source 4C48.26 (starred) has two corresponding entries in VLSS.

package developed by the National Radio Astronomy Observatory (NRAO). Sig-
nificant effort was devoted to determining the optimal parameters to the CLEAN
algorithm. The final parameters are listed in Table 5.3. These parameters were de-
termined by trial and error testing of a range of values and comparison of the noise
level and overall appearance of the CLEANed image. A two-step cleaning approach
was implemented. The first round of cleaning ran for 7500 iterations and used a mask
to focus on regions with known VLSS [53, 166] sources as well as the center of the
image where HD 80606 lies. Using a mask during CLEANing restricts the algorithm
to look for flux only in the masked areas. The second stage ran for 2000 iterations
and used no mask so that any additional flux outside of the areas with known sources
could be cleaned. Initial imaging was done for Stokes I only, although future work
will include extensive Stokes V imaging as well, since planetary radio emission is ex-
pected to be highly circularly polarized. Test Stokes V images showed no features and
appeared to be entirely noise, but this may be a result of issues with the calibration
pipeline during Cycle 0.

Additional effort was required to ensure that CLEAN would run in a reason-

able amount of time. The LOFAR field of view is very large (6-10° depending on
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Table 5.4. Key CLEAN parameters for imaging

Weighting Robust Image size Pixel size Gain  W-planes  Algorithm  Primary beam
(pixels) (arcsec) correction

Briggs 0.75 2048x2048  Set to the 0.1 512 Clark Off
estimated
synthesized
beam size
for the center
frequency

Note. — Time range and frequency range varied depending on the binning of each image. All other
parameters were left at default values.

frequency), so w-projection [57] with many w-planes was required. W-projection is
computationally efficient, but requires a large amount of RAM. Attempts to image
significant fractions of the full 6-hour dataset on quad core desktop machines were un-
successful either due to RAM-related crashes or unacceptably long runtimes of many
hours to days for a single image. An Amazon Web Services (AWS) cloud machine
optimized for RAM-intensive processing and equipped with up to 240 GB of RAM
and multiple cores was used instead with much better results. CASAs pclean()
parallelized algorithm was used rather than the typical clean() in order to take full

advantage of the multiple cores (up to 32) available on the AWS machine.

5.4 Analysis

Completed images were analyzed using a custom script that retrieved the full image
residual RMS, CLEAN beam size, and other statistics. Subimages 15 x 15 beamwidths
square were centered on the 12 brightest VLSS/4C sources (Table 5.3) as well as the
HD 80606 field. CASAs imfit() function was used to fit 2D Gaussians to each
subimage in order to measure the flux of each source. The positions and position
errors for each fitted source were also recorded to give a rough estimate of image
quality and also highlight iononsphere-induced position shifts. Fits with errors larger
than 50% were discarded.

A total of 417 full field images, 171 time series images and 246 frequency division

images were produced using scripted pclean() commands. These images were run
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through an analysis pipeline as described in the previous section. The key outputs
of the analysis pipeline are RMS values for each image and flux values from fitting
of known sources as well as the target field. Sample images for time and frequency
binning are shown in Figure 5-4. The features of these images are discussed in detail

in the next two sections.

5.4.1 Light Curve (Time Binning)

The first check of the image quality was whether RMS noise decreases as !/yn as the
time bin size (integration time) increased. The results for the time binning experi-
ments are shown in Figure 5-5. The RMS value of the image residual was calculated
for each full image as well as for a 15 x 15 beam subimage centered at the location
of HD 80606 (also the phase center of the image). The RMS of this small subimage
(shown in red in Figure 5-5) was generally higher than the RMS of the full image. For
short integration times, the RMS noise does decrease with a slope of approximately
-1/2 in logspace as expected. At longer integration times, the noise levels diverge
from the ideal curve (black dashed line). This indicates that there are non-Gaussian
components to the image noise. Spikes emanating from bright sources (see Figure
11, bottom right) in the time series images are likely caused by direction dependent
ionospheric effects. This analysis shows that a noise level of 10 mJy can be achieved
in approximately 1 hour and the full integration time yields a noise level of ~6 mJy.

Next, the RMS data were plotted as a function of time (Figure 5-6) to determine
whether observing conditions or instrumental effects were significant contributors to
the image noise levels. The observation was performed from approximately 9:30 pm
on January 24th to 3:30 am the next day (LOFAR local time). The most obvious
feature in Figure 13 is a dip in the RMS level that occurs around midnight. Otherwise,
there is a slight increase in noise at the beginning and end of the observation. The
origin of the midnight feature is unknown, but one possibility is that it is a result of
the ionospheric ‘midnight wedge’ passing over the telescope [150].

Analysis of the image residuals indicates relatively well-behaved data. Visual

examination of the time series images, however, tells a different story. First, a zoom-
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Figure 5-4: Sample images and residuals. The top set of image (left) and residual
(right) are from the frequency binning experiment. The first 1/2 of the bandwith is
imaged in this sample. The bottom image and residual are from the time binning
experiment. The first 1/2 of the 6 hour observation is imaged in this sample.
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Figure 5-5: RMS for full image and center subimage as a function of time binning.
The red points are the RMS value for the small subimage (15x15 beams) at the center
of the image (where HD 80606 should be). The blue points are the RMS for the full
image (2048 x 2048 pixels, 7 degrees). The large + markers represent the average of
each cluster. The solid lines represent power law fits to the data and the dashed line
is a theoretical power law fit for Gaussian noise (slope = -0.5).
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LOFAR observation Jan 24-25 2013 (Epoch 1)
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Figure 5-6: Timeseries of RMS values for full image (o markers) and center subimage
(x markers). Different time binning values are represented by different colors. Points
are located at the center of the time bin. Times are local LOFAR times during
observation.

in of the center of the field shows a source very close to the location of HD80606.
This source is identified in the VLSS catalog [166] as VL.SS0922.64+5035 and has a
flux density of 0.46 4+ 0.08 Jy. This source is likely a background radio galaxy based
on its spectrum (Figure 5-7b) [301]. The spectral index of this source is ~-0.8, which
is consistent with a typical background radio galaxy. Unfortunately, it is very close to
the position of HD 80606 (0.69 arcminutes) and therefore blended with any emission
coming from HD 80606 b. If the source position and shape is stable from one image
to the next, the presumably constant extragalactic source could be subtracted out by
differencing adjacent images or peeling the source from the visibilities. The lack of
proper ionospheric calibration makes this impossible at present. As shown in Figure
5-8, even the brightest source in the field of view (4C53.18) changes both shape and

position significantly over short times (5 minutes in this case).

The fitting routine was applied to the subfield at the center of the image, which

contains HD 80606 as well as the nearby extragalactic source. It is assumed that the
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Figure 5-7: HD 80606 field with nearby extragalactic source (left). The red crosshair
indicates the location of HD 80606. The beamsize is indicated in the lower left of
the image. Spectrum for VLSS0922.64+-5035 (right). The measurements are from
FIRST/NVSS (1400 MHz), WN (325 MHz), 7C (151 MHz), and VLSS (74 MHz).

Figure 5-8: Example images of a bright source (4C53.18) at three different time
intervals. The oval at the bottom left corner of each image represents the beam shape
and size. The shape, position, and brightness of the source change significantly.
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fit will center on the extragalactic source, but may include a contribution from HD
80606. The results for all integration times are shown in Figure 5-9. There are some
gaps in this ‘light curve’ since some fit attempts did not converge and others were
excluded if the reported errors were larger than 50% of the fit flux value. There is
a sizable gap around midnight and a set of anomalously high fluxes with large error
bars around 23:00. The rest of the light curve is generally below the expected flux for
the extragalactic source. This is consistent with the low fluxes seen for the reference
sources. There is no evidence of excess emission due to HD 80606 b. An example of

a light curve using only one integration time (5 minutes) is shown in Figure 5-10.

LOFAR observation Jan 24-25 2013 (Epoch 1)

-~ Expected flux for VLSS source @ S2MHz ~ ++« 045min
150 oo 005min 060min
©s Ollmin © %o 090min
*+ 015min 120min
oo 022min e 180min
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Target Gaussian fit (Jy)

000
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Figure 5-9: Flux values derived from 2D Gaussian fits of the HD 80606 region. Results
from all integration times are combined on this plot. The dashed line is the expected
flux from the VLSS extragalactic source. The feature near 23:00:00 is likely due to
ionospheric effects rather than enhanced flux from HD 80606 (based on examination
of individual images).

The fits to the images provided positions for the sources as well as flux values.
Figure 5-11 shows the positions for the source in the center subimage. There is
considerable spread in the calculated position relative to the known location of HD

80606 and HD 80607 (the binary companion of HD 80606) and the extragalactic

source. The cause of these position shifts is the changing refractive index of the
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Figure 5-10: Light curve with 5 minute integration times. Dashed line is the expected
flux at 52 MHz from the nearby extragalactic source.

ionosphere during the observation. Seeing, or the twinkling of stars in the optical
regime, is a similar effect due to turbulence in the troposphere. The ionosphere also
distorts the shape of the sources, so large error bars are probably indications of very

non-Gaussian source shapes.

Finally, the shape of the beam (as calculated by CASA during cleaning) changes
throughout the observation. The beam is represented by an ellipse and Figure 5-12
shows the major (blue) and minor (red) axes of the ellipse in arcseconds as a function
of time. The position angle in degrees is also shown (green). The orientation of the
beam flips at approximately 01:30. It is unclear what causes this flip, but a likely
explanation is the changing position of the target field with time. The change in

beam shape and position can also be seen the reference beam outlines in the lower
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Figure 5-11: Fit positions for 15 minute integrations. Left panel shows all fits for this
integration time, right panel is a zoom-in to the green box shown on the left image.
The color of the fits represents the relative time of the image that they are derived
from blue at the early part of the observation, green toward the middle, and red
towards the end. Positions of HD 80606, HD 80607, the binary companion of HD
80606, and the VLSS extragalactic source are shown with ‘+’ markers for reference.

left corner of each image in Figure 5-8.

5.4.2 Spectrum (Frequency Binning)

The images generated by binning increasing numbers of subbands were processed
using the same procedure as the time binned images. Figures 5-4b, 5-4b show an
example of a frequency binned image and residual. The image RMS results for the
frequency binning experiment are shown in Figure 5-13. The frequency binning re-
sults show a shallower slope than the time binning experiment. The likely cause is
‘smearing’ in the residuals caused by the jittery motion of the sources due to the
ionosphere (see Figure 5-4b). The large motions of sources over the 6 hour integra-
tion leaves large scale structure (‘blobs’) in the residuals that cannot be removed with
further cleaning. Additional ionospheric corrections are needed to remove this effect.
The ‘blobs’ are more pronounced in the frequency binning images because the full 6
hour observation is imaged, while the time binned images only use at most 3 hours
of the observation. Less integration time allows less time for the ionosphere to smear

sources.
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Figure 5-12: Beam shape parameters as a function of time. The vertical axis repre-
sents arcseconds for the major and minor axes and degrees for the position angle.

The flux values from fits to the image center subimage (which contains HD 80606-7
and the VLSS extragalactic source) seen in Figure 5-14. Estimated flux values climb
very quickly below 45 MHz. Examination of images of this region show that the
rapid increase in flux toward low frequencies is not real. It is likely due to increased
noise in the low frequency images and poorer fits due to non-Gaussian source shapes.
There is interesting structure present in the spectrum, however. A set of three peaks
appears between 45 and 65 MHz. The source of this structure is unknown, but it will
be interesting to see if this structure persists when proper ionospheric calibration and
bandpass fitting are applied.

The positions of the fitted sources are not as widely scattered as in the time
binning case (Figure 5-15). All of the frequency binned imaged used the full 6-hour
observation, so this averaging effect is likely responsible for the improved clustering.

While there are still outliers, the estimated positions cluster much closer to the VLSS
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Figure 5-13: RMS values for frequency binned images. The red points are the RMS
value for the small subimage (15 x 15 beams) at the center of the image (where HD
80606 should be). The blue points are the RMS for the full image (2048 x 2048 pixels,
~T degrees). The large “+” markers represent the average of each cluster. The solid
lines represent power law fits to the data and the dashed line is a theoretical power
law fit for Gaussian noise (slope = -0.5).

position of the extragalactic source (indicated by pink +).

5.5 Results

5.5.1 Upper Limit on HD 80606 b Radio Luminosity

We obtain an upper limit of 5.6 - 10? ergs/s on the radio luminosity of HD 80606
b at 52 MHz for Epoch 1 (48 hours pre-periastron). This value is derived from the
noise level obtained using the full time and bandwidth of the observation (6 mJy).
Jupiters luminosity is about 2:10'® ergs/s, assuming bandwidth ~40 MHz (~5.6-10!
ergs/s/Hz). Even assuming that HD80606 would be brighter than Jupiter by a factor
of 3000 because of the increased stellar wind flux during HD 80606bs periastron
passage [170], the upper limit is still two orders of magnitude brighter than the planet
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Figure 5-14: Spectrum of central subimage using 2 subband binning. Expected spec-
trum for VLSS extragalactic source is shown as a dashed curve.
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Figure 5-15: Source positions for 2 subband frequency binning. The left image shows
all fits across the spectrum. The right image is a zoom-in of the green box on the
left image. The color of the fits represents the frequency of the image that they
are derived from blue at the low frequency end of the spectrum, green toward the
center, and red at the high frequency end. Positions of HD 80606, HD 80607, the
binary companion of HD 80606, and the VLSS extragalactic source are shown with
+ markers for reference.

is expected to be. Nevertheless, this limit is the lowest limit to date at this frequency.
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5.5.2 Limit on HD 80606 b Magnetic Field Strength

Since we made no detection of planetary radio emission, we can only set upper limits
on HD 80606 b’s magnetic field strength and radio flux/luminosity (Figure 5-16). The
central frequency of the observation, 52 MHz, corresponds to a magnetic field strength
of 18.6 Gauss (see Eq. 1.1). This is only slightly larger than Jupiters magnetic field
strength (14 G, as calculated from Jupiter’s cut-off frequency of about 40 MHz).
Without a detection, it is impossible to say if HD 80606 b’s magnetic field is weaker
than this value and there is no emission in our observational band, or if its luminosity

is simply too small to be detected in this observation.
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Figure 5-16: Flux (a) and luminosity (b) limits for HD 80606. Red downward tri-
angles represent limits from VLA measurements by Lazio et al. (2010) [170], green
downward triangles represent limits derived from survey data (Chapter 3), and the
blue downward triangle represents the limit obtained from LOFAR data as described
in this chapter. The top horizontal axis on both plots indicates the magnetic field
strength implied by the observing frequency assuming that emission is at the cyclotron
frequency (see Equation 1.1). The right hand vertical axis on panel b compares the
luminosity values on the left vertical axis with Jupiter’s luminosity at ~30 MHz.

5.5.3 Time and Frequency Variability

We detected no time or frequency variability in the region containing HD 80606 b

and the contaminating background source.
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5.6 Discussion

5.6.1 Interpretation of Non-detection

There are several explanations for non-detection that must be considered. Solar sys-
tem examples of CMI emission are strongly beamed, so the emission beam from HD
80606 b may not cross Earth’s line of sight. Alternatively, HD 80606 b may have a
much weaker magnetic field than expected, so the peak emission frequency would lie
below the observation band. The stellar corona could conceivably absorb any plan-
etary radio emission since HD 80606 b was headed toward occultation during this
epoch. Finally, it is possible that even with a strong magnetic field and favorable
beaming, conversion of stellar wind kinetic/magnetic energy to planetary radio emis-
sion is very inefficient and results in a signal that is below the noise floor of this
observation.

We can conclude that, during Epoch 1, HD 80606 b did not exhibit extreme radio
luminosity that would correspond to an intrinsic radio luminosity >10x Jupiter’s
enhanced by several orders of magnitude by high density stellar wind. As mentioned
in Section 5.3, extreme conditions must be invoked for HD 80606 b to even get close
to a predicted flux that would be detectable by LOFAR. Though the limits set in
this work are the lowest obtained to date at the frequencies considered, they are not
low enough to rule out a magnetic field for HD 80606 b or constrain the effect of
close periastron passage on planetary radio emission. The distance to HD 80606 is

the biggest problem, suggesting that closer systems should be observed.

5.6.2 Ongoing and Future Work

There are several Jupiter-mass planets with high eccentricity in the Northern sky
(although none as eccentric as HD 80606). HD 17156 [12] and HD 156279 [75] are the
top choices for LOFAR observations. HD 156279b is larger than HD 80606 b and also
closer, although it does not transit. Both its size and distance make HD 156279 b the

most promising candidate for observing enhanced radio emission during periastron.
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HD 17156 b is a very close analog to HD 80606; it has nearly the same mass and
radius (observed via transit), but it is farther away. Neither of these systems has
known background sources within 10 arcmin in VLSSr, eliminating the problem of a

contaminating background source.

We? proposed for and received 90 hours of LOFAR time in Cycle 4 to observe
these two targets and to reobserve HD 80606 b. HD 80606 was included despite its
distance and the background source because many of the LOFAR issues that reduced
sensitivity in the Cycle 0 data discussed above have since been mitigated, allowing for
improved limits with new data. Each target was observed for five 6-hour epochs. As
with the Cycle 0 HD 80606 b observations, four of the five epochs were concentrated
around periastron (two before, two after) and one epoch was near apastron. Some
HD 80606 b observations were broken into pieces to accommodate other scheduled
observations. Data analysis for the Cycle 4 campaign is in progress. Initial results
from the PiLLL pipeline (see Chapter 2) for a sample 2 hour observation reach an RMS
of 6 mJy at the center of the image, slightly better than the two hour blocks of Cycle
0 data.

The raw data from the Cycle 0 campaign was fortuitously discovered in the LO-
FAR Long Term Archive (LTA). Both calibrator and target observations are available,
allowing for reprocessing using new tools and the benefit of several years of LOFAR
data experience. The raw data has been preprocessed to remove the contribution
of bright A-team sources and flag the data comprehensively. The re-preprocessed
observations are also being processed using the PiLL pipeline. All of the eccentric
planet data will be processed in the manner described above once preprocessing and
calibration are finished. Additionally, imaging and post-processing will be done in

Stokes V (circular polarization).

2J. Lazio (PI), M. Knapp, D. Winterhalter, W. Farrell
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5.7 Conclusion

HD 80606 b, a highly eccentric hot Jupiter at 58 pc, has been observed before and
after periastron with the LOFAR LBA telescope from 30-75 MHz. Analysis of one
6-hour epoch out of five observation epochs (48 hours pre-periastron) detected no
radio emission from HD 80606 b. A novel time/frequency splitting approach was
used to search for time-variable planetary radio emission. RMS image noise for the
full integration time and bandwidth was 6 mJy, setting a 1-o upper limit on HD 80606
b’s radio luminosity of 5.6 - 10%3. Though this limit is the lowest to date at 30-75
MHz, it is still ~2 orders of magnitude higher than the predicted luminosity of HD
80606 b during periastron passage. The most likely explanation for the non-detection
of HD 80606 b is that its distance is too great to allow for detection with current
ground-based observatories. A new observing program has been designed and carried
out to observe an analog of HD 80606 b (HD 156279 b) that is a factor of ~2 closer
to the Earth, increasing the chances of a detection or more constraining upper limits.
Reduction of these new observations as well as re-processed Cycle 0 data are currently

underway.
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Chapter 6

TRAPPIST-1: Radio Observation
Strategy and Thermal Evolution
Modeling

The TRAPPIST-1 (T1) system is the best opportunity to date for detecting the
magnetic fields of Earth-sized planets, either directly or indirectly, and adding to the
small sample of measured magnetic fields of terrestrial bodies. This chapter describes
an observing strategy for T1 that could also be applied to similar nearby systems that
are likely to be discovered in the near future. Section 6.3 describes the first steps on
the path toward theoretical predictions for rocky planet magnetic fields that can be

tested with observations of these nearby systems.

6.1 TRAPPIST-1 System

The recently discovered TRAPPIST-1 system [110, 111] is extraordinary in a number
of ways. First, it is nearby (12 pc) compared to most other known exoplanet sys-
tems, enabling detailed follow-up across the EM spectrum. Proximity is especially
important for radio observations since the expected signal strengths from planetary
or star-planet interactions are weak (see Section 1.3.3. Second, all the planets in the

system (so far) are close to Earth-sized (see Table 6.1), providing a laboratory for
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studying the formation and evolution of Earth-sized, potentially rocky planets at a
range of stellar distances and insolations. Three of the TRAPPIST-1 planets (e, f,
g) are in the ‘habitable zone’, defined as the range of planetary equilibrium tempera-
tures that would permit surface liquid water [151]. Third, the TRAPPIST-1 system

resembles the Galilean moon system of Jupiter in several important ways.

The orbits of T1-b and T1-c, the innermost two planets, resemble the inner two
Galilean moons (Io and Europa) in that the planets/moons are just outside the coro-
tation point (vertical dashed line in Figure 6-1) with their parent body, so the parent
body’s magnetic field drags across the planets/moons. The mass ratios between the
parent and satellites are similar as well. Most importantly, T1-b and T1-c¢c may
experience significant tidal heating like Io and Europa [183]. If the tidal heating cal-
culations for T'1-b and T1-c are correct, one or both may be volcanically active like Io.
As described in Section 1.2.4, Io’s volcanic outflow adds a large volume of plasma to
Jupiter’s magnetosphere and drives a major component of Jupiter’s radio emission via
the Io flux tube. Zarka (2007) [334] describes in detail how either an ‘unmagnetized’
planet (no intrinsic, global magnetic field) or a magnetized planet (global, dynamo
magnetic field) could enhance and modulate the radio emission of the host star. In
the case of TRAPPIST-1, a M8 dwarf with a magnetic field of 600+£200 Gauss [243],
stellar radio emission via the electron cyclotron maser instability (CMI) mechanism,
would be detectable by ground-based telescopes at frequencies ranging from ~30-300

MHz, depending on where the radio emission originates in the stellar corona.

This chapter describes an observational strategy aimed at detecting (or setting
limits on) the magnetic fields of the inner two TRAPPIST-1 planets (T1-b and T1-c,
see Section 6.2). The observational program is designed to search for either planet-
modulated stellar radio emission or emission from the planets directly. Section 6.3
describes thermal evolution modeling of T1-b and T1-c¢ to investigate the thermal
history parameter space of these two planets and attempt to constrain when in their
history a thermal dynamo magnetic field was most likely. The estimated tidal heating
for both planets is added to the baseline thermal evolution model to examine what

effect extra internal heat would have on thermal dynamo generation.
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Figure 6-1: Comparison of the Galilean moon system of Jupiter to TRAPPIST-1b,
c. Figure credit: Adam Burgasser

Table 6.1. TRAPPIST-1 planet properties

Planet Period Radius  Mass Bulk Semi-major Irradiation Equil. Incl. Ecc.
Density axis Temp.
(days) (Rg) (Mg)  (pa) (1072 AU, (So) X) )
R.)

b 1.51087081  1.086 0.85 0.66  11.1140.34, 4.25 400.1  89.65  <0.081
+0.6107%  +0.035 +0.72  +0.56  20.50751¢ +0.33 +7.7  to2

c 2.4218233  1.056 1.38 117 15.2140.47, 2.27 3419  89.67  <0.083
+£0.17-1075  £0.035 +0.61  +£0.53  28.0870732 +0.18 +6.6  £0.17

d 4.049610  0.772 0.41 0.89 21.4470-5% 1.143 288.0  89.75  <0.070
4+0.63-10~*  +0.030 +0.27  4+0.60  39.5570-20 +0.088 +5.6  +0.16

e 6.099615  0.918 0.62 0.80  28.1710%%, 0.662 251.3  89.86  <0.085
4+0.11-107*  +0.039 +0.58 +0.76  59.9715% +0.051 +49 019

£ 9.206690  1.045 0.68 0.60 37.141.1, 0.382 219.0  89.680  <0.063
+0.15-10~*  +0.038 +0.18  +0.17 68.4195 +0.030 +4.2  £0.034

g 12.35204 1127 1.34 0.94 45.141.4, 0.258 198.6  89.710  <0.061
+0.12:1073  +0.041 +0.88  +0.63 83.219°¢ 40.020 +3.8  £0.025

h 18.764 0.715 — — 63737, 0.131 169 89.8 —
B0 00 naks 00 4 203

Note. — Table reproduced from [111], data for TRAPPIST-1h updated from [183].
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6.2 LOFAR Observations!

The TRAPPIST-1 system is an appealing target for radio observations given its
proximity, bounty of planets, and strong, active stellar magnetic field. The potential
for To-Jupiter type interaction increases the chances of detectable planetary signa-
tures significantly since the star’s radio emission, which would be modulated by the
planet(s), should be well within the observable frequency range for ground-based low
frequency instruments like LOFAR. We? proposed for and were awarded 73 hours of
LOFAR Cycle 6 LBA and HBA time to observe the TRAPPIST-1 system as part of
a multi-wavelength follow-up campaign. The observational motivation and strategy
are discussed below. Data reduction is in progress, but not far enough along to report

fully here.

The T1 LOFAR observing campaign has three goals:
1. Search for lIo-Jupiter analog star-planet interaction
2. Search for auroral cyclotron radio emission from any of the T1 planets

3. Characterize the host star and interplanetary medium via detection of radio
flares and/or Type II radio bursts, which are correlated with coronal mass

ejections (CMEs)

The experiment design is motivated by the first goal. In the case of non-detection,
the observations can be used to set physically meaningful limits on radio emission
from T1 and any planets in the system. The broad frequency coverage of LOFAR
LBA+HBA (30-75 MHz, 110-185 MHz) corresponds to cyclotron emission from mag-
netic fields ranging from 10-68 G. This range covers Jupiter-like magnetic fields to

stellar magnetic fields.

1Some text in this section was adapted from LOFAR proposal LC6_007 (PI: M. Knapp)
2M. Knapp (PI), A. Burgasser, M. Gillon, J. de Wit, D. Queloz, B. Demory, E. Jahin, S. Lederer,
L. Delrez, A. Burdanov, V. van Grootel, A. Triaud, P. Magain, C. Melis
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Figure 6-2: Phase point observations for TRAPPIST-1 b or ¢ (not to scale).

6.2.1 Observational Strategy for Detecting Star-Planet In-

teraction (Io-Jupiter Type)

Planet-modulated stellar radio emission (Io-Jupiter type) offers the best chance of
indirectly constraining planetary magnetic fields. The key is that only the stellar
radio emission must be detected, not the (presumably weaker and lower frequency)
planetary radio emission. Any planet, whether it has a global dynamo magnetic
field or not, can alter the radio emission of the host star through either the ‘bipolar
inductor’ or ‘unipolar inductor’ interaction modes (see Section 1.2.4). The cross-
section of the body and its distance from the host star determine the size of the stellar
radio emission modulation [334]. A magnetosphere generated by an intrinsic dynamo
magnetic field would be a larger obstacle than the planet’s solid radius alone would
predict, yielding an anomalously large effect on stellar radio emission. Given the
known radii and orbits of the T1 planets, such an anomaly would be straightforward
to detect if stellar radio emission is found to be modulated at one or more of the T1

planet periods.
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We observed the T1 system at four phase points the orbits of T1-b and T1-c:
occultation (phase = 0°), phase = 90°, transit (phase = 180°), and phase = 270° (see
Figure 6-2). lo-related Jovian emission shows a strong dependence on Io-phase, so
variations in emission as a function of phase will be indicative of star-planet interac-
tion as the source. Observations during occultation (phase=0) are longer (3 hrs LBA,
1 hr HBA) in order to isolate the contribution from the planetary dayside. Lecavelier
des Etangs et al. (2013) [173] used the occultation method to search for auroral ra-
dio emission from HAT-P-11 using GMRT at 150 MHz and obtained intriguing but
low significance results. The other three phase points (90°, 180°, 270°) are observed
for 2 hours (LBA) and 30 minutes (HBA) each. The same sequence of observations
were performed at the four phase points for both TRAPPIST-1b and TRAPPIST-1c.
Since all four of the Galilean satellites influence Jupiters radio emission, it is reason-
able to assume that at least the inner two planets of the TRAPPIST-1 system may
contribute to star-planet interaction-related radio emission. We are not aware of any
other radio exoplanet observations that have used this phase-targeted observation
strategy to look for star-planet interaction. This strategy is an optimal compromise
between the uninterrupted full orbit coverage that is desirable and the constraints of

oversubscribed observatories and the rising/setting of this low declination target.

6.2.2 Prospects for Direct Planetary Radio Detection

The second goal of the LOFAR T1 is to search for planetary cyclotron emission
directly. If one or more of the planets has a particularly strong magnetic field (on
the same order as Jupiters surface field strength, ~10 G), it will exhibit auroral
cyclotron-type radio emission as a result of stellar wind-magnetosphere interaction at
a frequency detectable from the ground [17]. The intensity of auroral radio emission
should be significantly enhanced by the high kinetic and magnetic stellar wind flux
at ~20-30 stellar radii according to the radiometric Bode’s law (Section 1.2.3), which
scales emitted radio power as (9/d,,,) 1%, where d is the planets semi-major axis and
d jup is Jupiters semi-major axis of 5 AU. Assuming a magnetic field strength similar

to Jupiter, the radiometric Bode’s law plus scaling for distance to T1 (12 pc) predicts
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a flux at Earth of 6 mJy for T1-b. Flux of 6 mJy would be difficult to detect with
the LOFAR LBA since current work has only achieved noise levels of a few mJy in
the best cases, but detection at this level is within the realm of possible, especially
with better ionospheric removal. This calculation assumes the host star is the Sun, so
the much larger magnetic field and stellar wind of T1 could cause the flux to increase
by an order of magnitude or more, allowing for more robust detection with LOFAR
LBA.

The observational signature of auroral radio emission is a relatively flat spectrum
ending in an abrupt cut-off corresponding to the local electron cyclotron plasma
frequency in the emission region (see Figure 1-1). Even if the magnetic fields of the
T1 planets are too weak to emit at frequencies accessible from the ground, LOFAR
LBA observations will set physically meaningful upper limits on their radio luminosity
and magnetic field strength. The nearness of this system, strong tidal heating of the
planets, ‘equator on’ orientation of the system, and high density stellar wind at the
location of the planets all suggest that the T'1 system may offer one of the best chances

yet to detect the magnetic field of an Earth-sized exoplanet via radio emission.

6.2.3 Prospects for Observing Stellar Flares

The proposed observations will also indirectly probe the interplanetary medium of
the TRAPPIST-1 system. Optical flares have been detected at a rate of 1 per 50 hrs
[110], later refined with K2 data to 0.38 per day [183]. One massive K2 flare briefly
doubled the brightness of the star. If a flare happens during the observations, it may
be possible to detect analogs to Type II or Type III solar bursts. This would, by
itself, be a significant discovery since there has not yet been a detection of a Type
IT/11T burst or CME from any star but the Sun. Type II bursts, in particular, are
thought to trace the path of a CME-driven shock as it propagates outward through
the interplanetary medium [115]. The rate and strength of flares and CMEs is critical
for understanding atmospheric evolution and photochemistry of the TRAPPIST-1
planets [153, 258]. Disentangling stellar radio emission from planetary radio emission

is a key challenge. We will use a combination of polarimetry, orbital phasing, and
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timing/periodicity to sort out various sources of radio emission. Any radio detection
from the TRAPPIST- 1 system would be a significant result, since low frequency
radio emission from late-M-dwarfs is poorly studied and no radio emission from an

exoplanet, Earth-sized or larger, has been detected to date.

6.3 Influence of Tidal Heating on Dynamo Initia-

tion and Maintenance?

6.3.1 Tidal Heating in the Solar System

The effect of a non-homogeneous planet/moon interior on tidal heating was investi-
gated by Peale & Cassen (1978) [230]. Peale & Cassen used a two-layer model with a
‘soft’ lunar core (low rigidity p) and a ‘hard’ lunar mantle (high rigidity). Dissipation
in the inner ‘soft’ or liquid (low rigidity, low viscosity) region was found to be neg-
ligible compared to dissipation in the ‘hard’ outer shell. They found that there was
significantly higher dissipation (~3-15x) in the two-layer case than the homogeneous
case even though the total volume being heated (the outer mantle) was smaller. The
enhancement in dissipation grows as the thickness of the outer layer shrinks. Peele
& Cassen suggested that a melting run-away could occur if the hot bottom of the
mantle melted due to high tidal dissipation, shrinking the mantle and increasing dis-
sipation in the now-thinner mantle. They suggest that such an effect could have
melted the whole lunar mantle and caused widespread volcanism. In a subsequent
paper [231], they predicted (correctly) that Io’s extreme tidal forcing gives rise to
extensive volcanism due to melting in the mantle.

The two-layer interior model assumes that rheological parameters do not vary
across the layer, which is unphysical. Density (p), viscosity (1), and shear modulus
(u) vary with temperature and pressure and therefore with depth. More recent multi-
layer modeling of the Moon [130] has suggested that most tidal dissipation in the

present-day Moon is confined to a thin, relatively low viscosity layer at the bottom of

3This work was done in collaboration with Vlada Stamenkovic
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the mantle. In the case of the Moon, this layer may be acting as a ”thermal blanket”,
slowing lunar core cooling. A similar effect may be at work in Io’s asthenosphere
[257]. In layers like lo’s aesthenosphere or the bottom of the lunar mantle, there may
be a stable equilibrium point where heat transport via convection or melt movement
balances temperature/viscosity-dependent tidal dissipation [257, 95, 314, 201].

Henning & Hurford (2014) [133], using multi-layer models, demonstrated that
"viscosity maxima translate into dissipation minima”. The converse, that viscosity
minima in solid layers correspond to dissipation maxima, is also true. Soft, lower
viscosity solid layers dominate the total dissipation in an Earth-like layered planet.
Liquid or mostly melted?, layers have essentially no dissipation. Figure 4 from [133],
reproduced here as Figure 6-3, shows strong peaks in dissipation in lower density solid
regions, particularly the D" layer above the liquid outer core and the lower viscosity
upper mantle. Dissipation is higher for the multi-layer models than the homogeneous
case (solid black curve).

In the work described below, we take the insights gained from observation of tides
in Solar System bodies and multi-layer tidal dissipation modeling and apply them to
the TRAPPIST-1 planets. We confine our modeling to the inner two planets, T1-b,
Tlc, and assume that these planets do not have a significant water ice shell or deep
oceans. Surface oceans and ice shells will significantly reduce the tidal dissipation in
the silicate part of a planet [133]. We assume that TRAPPIST-1b—c are Earth-like in
composition (silicate mantle, iron core) and relatively dry with no significant surface

oceans, though we do not rule out hydrated minerals in the mantles.

6.3.2 Necessary Conditions for a Dynamo

Magnetic dynamos in rocky, Earth-like planets are generated in the electrically con-
ducting liquid metal (usually iron) core. A dynamo is the steady-state amplification

of a seed magnetic field via magnetic induction due to the organized helical motion of

4According to Henning & Hurford and references therein, silicates behave like a solid in terms
of viscosity and shear modulus until reaching a temperature about halfway between the solidus and
liquidus temperatures. Once a silicate reaches 40%-60% melt fraction, it begins to behave like a
liquid for the purposes of tidal dissipation.
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Figure 6-3: Tidal dissipation in a multi-layered Earth-like planet. Lower density solid
layers, like the D" layer above the Earth’s outer core, dominate tidal dissipation.
Reproduced from [133], Fig. 4

an electrically conductive fluid caused by convection paired with rotation [227, 112].
The rotational motion is imposed on the liquid metal core by planetary rotation. Ro-
tation is not required to be fast for a planet with a liquid core to have a dynamo; even
Venus’s slow rotation is sufficient to sustain a dynamo if the core is also convecting
[277]. See [50, 224, 51| for a discussion of the role of rotation on magnetic field topol-
ogy and strength. Convection, the second ingredient necessary for a dynamo, can be
driven thermally or compositionally. Thermal convection is driven by the buoyancy
of hot material and is favored when the thermal gradient is sufficiently steep that
the density stratification in the fluid becomes unstable. The dimensionless Rayleigh
number is used as a proxy to determine whether a layer is unstable to convection.
See [273], Eq. 25 for the critical Rayleigh number which determines whether a layer

in the thermal evolution model is convecting or not.

Compositional convection is driven by composition-dependent buoyancy and can
be driven either ‘bottom up’ (Earth) or ‘top down’ (Ganymede). In the ‘bottom up’
case, which is believed to be relevant to the Earth’s core and possibly other Earth-

sized bodies, heavy elements (iron, nickle) crystallize onto the inner core as the outer
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core cools, leaving lighter, more buoyant material (sulfur) behind at the bottom of
the outer core that tends to rise (see [277], references therein). In the ‘top down’
case, relevant to smaller planets/moons like Ganymede, iron condenses out of the Fe-
S solution near the CMB and precipitates downward where it eventually remelts and
mixes convectionally with the Fe-S solution in the deep core [249]. The amount of
sulfur in solution with iron in the core as well as the relative slopes of the temperature
gradient and the iron melting point gradient, which is pressure-dependent, determine
whether ‘top down’ compositional convection is possible [49].

In this work, we focus on identifying the conditions in the core that favor or
disfavor thermally driven dynamos only. As long as the core is cooling (DI>-1, see
below), however, a compositional dynamo may be active. We do not make any
predictions about compositional dynamos beyond identifying the conditions under

which it is physically possible for one to exist.

6.3.3 1D Thermal Evolution Model

The thermal evolution model used to investigate the effect of tidal heating on T'1-b and
T1-c was developed by Vlada Stamenkovic [272, 273]. The Stamenkovic model is a 1D
parameterized convection model that has been validated against a 2D spherical shell
convection model. The advantage of a 1D parameterized model is that it runs very
quickly, allowing for fast filling of the input parameter space and long evolution times.
The model evolves forward in time from initial conditions of mantle temperature and
core temperature. The planet is assumed to be differentiated at the beginning of
model time and its core fraction (by mass) is set. The planetary radius and core radius
are derived from the input planet mass according to [291]. The model allows for either
a ‘stagnant lid’ (SL) lithosphere with no moving plates or a ‘plate tectonics’ (PT)
lithosphere. This choice controls the heat flow out of the mantle and therefore out of
the core. The model input parameters are listed in Table 6.3.3. Another key feature
of this model is the option to use a pressure- and temperature-dependent rheology
(set by VJ;;) [272], which has a large effect on mantle viscosity with depth and

therefore ability to convect and remove heat from the core. If viscosity depends only
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Table 6.2. Thermal evolution model parameters

Parameter Description Range Units Earth Value
M Planet mass 0.5, 1, 1.5, 2 Mg 1
Tevolve Evolution run time 8000 Myr 4600
STRUCTURE  Planet structural type ELSE* — ELSE
Fq Radiogenic heat flux rel. to Earth 1 1
Ts Surface temperature 400 (T1-b), 342 (T1-¢) K 288
MODE Tectonic mode PT, SL — PT
MELT Mantle melt generation on/off ON — ON
T (0) Initial mantle temperature Melt K 77
T.(0) Initial core temperature Melt K 77
1o Reference viscosity (T=1600 K, P=0) 1019, 1021 Pas 1021
A Activation energy 240, 300 kJ mol—1! 300
V:ff Activation volume for upper mantle 0, 2.5 cm?® mol~! 7?7
(sets pressure dependence of viscosity)
Fko Mantle thermal conductivity scaling factor 1 — 1
Fam, Mantle thermal expansivity scaling factor 1 — 1
Fen, Mantle heat capacity scaling factor 1 — 1
Qtide Tidal heat input 10,1, 0.1, 0 W m—2
Note. — Some values adapted from [274], Table 1 (see for additional references). The Range column indicates the

values used in the TRAPPIST-1 evolution models.

*‘Earth-Like Super Earth’, a structure with the same core/mantle fractions as the Earth.

on temperature, the mantle becomes less viscous with increasing depth. If viscosity
is also pressure-dependent, the opposite is true. Additional details can be found in

273).

The Stamenkovic thermal evolution code calculates a ‘Dynamo Index’ (DI) at each
timestep. The dynamo index is a measure of whether thermally driven convection
is expected in the core. Thermal convection is expected if the heat flux through the
CMB exceeds a critical value (see [273], Eq. 2). If this condition is met, the dynamo
index is 1, meaning that a thermally driven dynamo is expected. No calculation of
the expected magnetic field strength or topology is made. If the heat flux is below
the critical value but still positive (the core is cooling), the dynamo index is 0. A DI
of 0 means that a thermal dynamo is disfavored, but a composition-driven dynamo is
still possible. The model used for this work does not consider inner core nucleation
or growth through crystallization. In the final case, DI=-1, the core is heating rather

than cooling, so no dynamo of either type is possible.

The Stamenkovic model was used to calculate the dynamo index as a function

of time and planet mass for several sets of conditions with varying tidal heating

166



values. Tidal heating was added to the mantle as an extra heat source similar to
radiogenic heating, though constant through time. We assumed that, even if tidal heat
deposition takes place in a thin layer of minimum solid viscosity, mantle convection
will distribute the tidal heat throughout the mantle relatively quickly. Limitations
of that assumption are discussed in Section 6.4. Fach model was evolved from initial
conditions to 8 Gyr®.

The set of parameters varied in the thermal evolution models was restricted to
focus on the effect of tidal heating specifically. All parameters were fixed at Earth-
like values (Table 6.3.3) except for mass and 7y, which approximates whether the
mantle is contains hydrated minerals or not (‘wet’ vs. ‘dry’). The activation volume
Vs which represents the pressure dependence of viscosity, was fixed at V5, = 2.5,
which yields a moderately temperature- and pressure-dependent viscosity (see [273],
Eq. 7). The pressure- and temperature-dependent case was chosen because it is more
likely to be physically realistic and because it is more compatible with the simplifying
assumption that tidal heat is evenly distributed throughout the mantle.

Three masses were chosen from within the error bars of the transit timing variation
(TTV) masses in [111]. M=0.5, 1.0, and 1.5Mgwere used for T1-b; M=1, 1.5, and
2.0Mgfor T1-c. Recent reanalysis of the TTVs has lowered the mass estimates for
some of the planets [305], but the masses tested are still appropriate for T1-b and
T1-c. The surface temperature for each planet is the equilibrium temperature listed
in Table 6.1. A range of tidal heat fluxes are considered based on [183], Figure 7.
The highest tidal heat flux modeled, 10 W m~2, is comparable to that of To (~3 W
m~?).

Figure 6-4 shows the results of a thermal evolution model run with all Earth-like
parameters for 6 Gyr for reference in interpreting the results in Figures 6-6, 6-7. The
left panel shows the core and mantle temperatures as a function of time and the
right panel shows the dynamo index over the same period. The dynamo index falls

to 0 slightly before 4 Gyr, indicating that Earth’s present-day dynamo may be more

®The age of the TRAPPIST-1 system is uncertain. The discovery paper constrained the age to
>500 Myr, but very recent work has suggested that TRAPPIST-1 may be much older, 7.6+2.2 Gyr
[39]
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compositionally driven than thermally driven [277]. Figure 6-5 shows a similar model,
but with the stagnant lid (SL) tectonic mode instead of the plate tectonics (PT) mode.
DI drops to 0 faster in the SL case because the mantle cools less efficiently, causing

the core heat flux to drop below the critical value sooner.
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Figure 6-4: Thermal evolution for Earth with plate tectonics
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Figure 6-5: Thermal evolution for Earth with a stagnant lid lithosphere (no plate
tectonics).

6.4 Results and Future Work

6.4.1 Results

Thermal evolution modeling showed little dependence on tidal heating, at least for

the heating rates studied. Differences in tidal heating did not shift the thermal
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dynamo cutoff point (DI=1 — DI=0) by more than 1 Gyr in any case. Smaller
planets cool faster, causing an earlier thermal dynamo cutoff. Tidal heating has the
most influence on the dynamo evolution of stagnant lid planets. This may be because
planets with plate tectonics are efficient at removing heat from their mantles already,
so the addition of extra heat makes little difference. The addition of extra tidal heat
to stagnant lid planets, however, makes their mantles slightly less viscous and allows
for more efficient convection. Extra tidal heat may also drive extra melt formation
which also extracts heat from the mantle and delivers it to the surface via volcanism.
For stagnant lid planets, the addition of tidal heat prolongs the lifetime of a thermal
dynamo.

The thermal dynamo cuts off before ~4 Gyr in all cases tested. This is consistent
with thermal evolution for the Earth, where compositional buoyancy may be providing
at least some of the convection needed to sustain the present-day dynamo. Whether a
compositionally driven dynamo could take over from the thermally driven dynamo in
the T1 planets depends on the composition of those planets and is beyond the scope
of this work. These results highlight the importance of system age when trying to
predict whether a rocky planet will have a dynamo. If the T1 system is indeed ~7-8
Gyr old as suggested in [39], this thermal modeling suggests the planets are unlikely

to still have dynamo magnetic fields.

6.4.2 Future Work

There are two key additions to the thermal modeling presented here that will be the

subject of future work:

1. Improved tidal heating modeling, including coupling the dynamical evolution

modeling to evolving interior properties
2. Adding inner core growth and exploring a range of core mass fractions

The tidal heating estimates for the T1 planets assume that each planet is a ho-

mogeneous sphere of constant density and viscosity. This simplification is necessary
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Figure 6-6: Thermal evolution dynamo results for T1-b. Mass increases left to right
from 0.5Mgto 1.5Mg. The top row shows the results for PT tectonic mode, the

bottom row shows results for SL tectonic mode. Colored solid lines show DI vs time

for a wet mantle, dashed lines show a wet mantle. Tidal heat had a very small effect
on the time of thermal dynamo cutoff; the mass and tectonic mode had much larger

effects.
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Figure 6-7: Thermal evolution dynamo results for T1-b. Mass increases left to right
from 1.0Mgto 2.0Mg. The top row shows the results for PT tectonic mode, the
bottom row shows results for SL tectonic mode. Colored solid lines show DI vs time
for a wet mantle, dashed lines show a dry mantle. Tidal heat had a very small effect
on the time of thermal dynamo cutoff; the mass and tectonic mode had much larger

effects.

171



to make long dynamical evolution runs tractable in terms of computation time, but
it leaves out the effect of rheology changes on the distribution of tidal heat. This ap-
proach also does not take into account feedback between the depostion of heat (which
depends on the rigidity of the body) and the effect of added heat on the material prop-
erties of the body. The location of tidal heat deposition is also not accounted for in
either the dynamical evolution modeling or this thermal evolution work. The impact
of heat deposition location depends strongly on whether a temperature-only depen-
dent visocsity is used vs. a pressure- and temperature-dependent viscosity. In the case
where viscosity only depends on temperature, the lowest viscosity layer will be close
to the CMB. If tidal heat is preferentially deposited there, this layer could act like
a thermal blanket on the core, impeding cooling. In the pressure- and temperature-
dependent viscosity case, the low viscosity layer where tidal heat is deposited will be
near the top of the mantle. Here, tidal heat dissipation may drive surface volcanism
but will have less effect on core cooling. A pressure- and temperature-dependent vis-
cosity is the more likely physical case, but exploring both options and their effect on a
thermal dynamo will inform testable predictions about whether very strongly tidally
heated planets can have thermal (or compositional) dynamos. The results of future
observations of rocky exoplanet magnetic fields could therefore help to discriminate

between different rheological models of rocky planet interiors.

The planetary interior structure was restricted to an Earth-like core fraction in
this work to keep the parameter space manageable. A logical next step in this work
is to vary the core fraction for a fixed mass (and eventually for a range of masses) to
further explore the available parameter space for the interiors of the T1 inner planets.
There are no observational constraints on core size (or existence) for the T1 planets,
so the parameter space is unconstrained. Adding inner core growth to the evolution
of the planets will set limits on the lifetime of compositional dynamos. There can be

no dynamo of any kind if the iron core has solidified entirely.

The parameter space for exoplanet interior modeling and evolution is immense.
Further additions to the modeling described in this section could include variable

elemental /mineral compositions for the mantle, variable sulfur or other light element
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contamination of the iron core, and the addition of water and/or ice layers to the
surface of the planet. There is also the possibility of transient extreme tidal heating
events due to dynamical migration that could partially or totally ‘reset the clock’ for
thermal dynamos by melting some or all of the mantle [231]. Carefully constrained
and limited modeling does offer testable predictions, but ultimately observational
data are needed to inform more detailed, meaningful modeling of the TRAPPIST-1

planetary interiors, surfaces, and atmospheres.
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Chapter 7

The Next Step: Space-Based

Observation

Previous chapters have focused on attempts to detect exoplanetary radio emission
via ground-based telescopes. Ground-based telescopes have the obvious advantage of
being available for use right now and there are exciting advances in low frequency
observation. LOFAR [65], MWA [179], and LWA [82, 126] are breaking new ground in
ionospheric calibration, RFI excision, and widefield imaging, all critical to achieving
higher sensitivity at low frequencies. SKA-Low [63] will make use of these develop-
ments while adding significantly more collecting area, further improving the sensi-
tivity of ground-based low frequency telescopes (see Figure 3-25). Ground-based low
frequency telescopes, however, are fundamentally limited in several critical ways. This
chapter describes those limitations and how they inhibit exoplanet detection, then
makes the case for a space-based observatory as a necessary next step and describes

a pathfinder mission for space-based radio interferometry at low frequencies.
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7.1 Limitations of Ground-Based Low Frequency

Observation

The ionospheric plasma frequency fundamentally limits the spectral range accessi-
ble to ground-based telescopes. Electromagnetic waves cannot propagate through
an ionized medium if their frequency is lower than the local plasma frequency (Eq.
1.2). If the EM frequency is lower than the plasma frequency, electrons in the plasma
can move ‘fast’ enough to counteract the oscillating electric field of the EM wave,
effectively screening out the incoming wave. The ionosphere acts like a mirror for
incoming radiation below the plasma frequency, a property that is exploited in short
wave communication to ‘bounce’ signals off of the ionosphere so that they can propa-
gate beyond the transmitter’s horizon. While useful for communication, the opacity of
the ionosphere below the plasma frequency is a low frequency cut-off for astrophysical
signals.

The plasma frequency, or cut-off frequency, of the Earth’s ionosphere varies tem-
porally and spatially. Generally, the plasma frequency is higher during daytime when
the sun is actively ionizing the upper atmosphere and at lower latitudes. The iono-
spheric cut-off frequency ranges from ~2-15 MHz depending on location and con-
ditions. Even under the best ionospheric conditions, the radio sky below 1 MHz is
inaccessible from the Earth’s surface.

Plasma is a dispersive medium - the index of refraction is frequency dependent.
Incoming radiation at frequencies approaching the local plasma frequency is strongly
refracted. Radio observations slightly above the ionospheric cut-off frequency are
therefore possible in theory but extremely challenging in practice (see Section 2.5).
The ionosphere is a turbulent medium, so random phase shifts and are imposed
on incoming radiation in a frequency-dependent manner. These phase shifts and
refractive effects could be corrected if the 3D electron distribution of the ionosphere
over an observatory was known as a function of time, but such data are rarely, if
ever, available for existing radio telescopes. If the locations and fluxes of many point

radio sources are known, the interferometric data can be used to fit a phase screen
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for the ionosphere based on the phase errors between the ‘model’ source positions
and measured source positions. This technique is in use at existing low frequency
observatories, but requires many bright calibrator sources spread evenly across the
sky. Higher sensitivity low frequency telescopes, like LOFAR 2.0 or SKA-Low, will

be better able to use this calibration strategy than existing telescopes.

In practice, especially at LOFAR LBA, there are not enough bright calibrators
with sufficient signal-to-noise (SNR) in the short time intervals required for calibration
of the time-varying ionosphere. If LOFAR LBA sensitivity was increased through the
addition of additional stations or expansion of existing stations, the calibration situ-
ation would improve, though it would remain computationally expensive. The effect
of incomplete or insufficient direction-dependent ionospheric calibration on interfero-
metric images is source position shifts, source shape changes, and higher background
noise as a result of uncorrected phase errors. The effects are time variable and behaves
like atmospheric ’seeing’ at visible wavelengths. Recent work by F. de Gasperin has
demonstrated that ionospheric scintillation causes amplitude errors as well as phase

errors’.

In summary, ionosphere-induced errors are very difficult to fully correct for ex-
isting arrays using state-of-the-art calibration techniques. This is an active area of
research and techniques will likely improve with time, but the ionosphere remains
a major barrier to sky-noise limited high sensitivity, high dynamic range low fre-
quency imaging. For example, the theoretical image noise for full bandwidth, 6-hour
integration with LOFAR LBA is ~0.5 mJy? but the achievable image noise (with
current techniques) is 10x the theoretical value. Imperfect ionospheric calibration
(and RFTI losses) puts even a 100x Jupiter flux planet at 2 pc out of reach (1-0) for
LBA frequencies.

!Private communication. Also see Figure 2-3
2See https://support.astron.nl/ImageNoiseCalculator /sens.php
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7.2 The Promise of Space-Based Radio Interfer-

ometry

Observations from space, above the ionospheric peak, would not suffer from iono-
spheric effects and would not be limited by the ionospheric cut-off frequency. Space-
based radio interferometry is therefore the next frontier. A space-based interfero-
metric observatory would open up the last unexplored window of the EM spectrum,
enabling a range of science cases from solar flares to the origin of galactic cosmic
rays. Most importantly for this work, space-based radio interferometry is necessary
to detect Earth-strength exoplanetary magnetic fields. As described in Chapter 1,
only Jupiter’s magnetic field is strong enough to produce cyclotron emission at fre-
quencies above the Earth’s ionospheric cut-off. Detection of radio emission from other
solar system planets (Saturn, Uranus, Neptune) requires space-based measurement
and was achieved by various spacecraft including Voyager 2 [332].

The only existing maps of the sky below 10 MHz come from the RAE-2 spacecraft
in 1973 [308, 121]. This single spacecraft was placed in orbit around the Moon
to avoid terrestrial noise, both natural and man-made. RAE-2 data were used to
construct a partial map of the sky at several frequencies with a resolution of ~60
degrees at its lowest frequencies [3]. There have been numerous proposals to design
and build a multi-element interferometric array to map the sky at higher resolution
(e.g. [146, 187, 43]), but none of these projects have yet been built and launched due
to cost and complexity. Lowering the cost and complexity of such missions would
help enable a wide range of new scientific investigations.

Large space-based interferometric arrays have been proposed [146, 187, 219, 157,
20] and (with luck) may be funded and launched in the not-too-distant future. The
number of spacecraft needed to construct such an instrument will likely drive the array
cost. Very sensitive measurements, like those required to detect Earth-like auroral
magnetospheric emission from exoplanets, will require thousands of spacecraft [145]
to achieve the required sensitivity. See Section 8.3.2 for a detailed discussion of the

requirements for detecting Earth-strength magnetic fields. Reducing the number of
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interferometric elements needed without sacrificing sensitivity would therefore lower
the costs of such an array. The next section describes a collaborative research effort
to develop a better antenna for space-based interferometry [158] that will offer a
significant improvement over ‘traditional’ dipoles or tripoles (dipole triads).

The advent of CubeSats has changed the landscape and increased the feasibility
of a multi-spacecraft interferometric array. Such arrays have been proposed (e.g. [20,
219, 160]) and are a key step to lowering mission costs. It is still critical, however, to
minimize the number of spacecraft required for such an array in order to keep costs and
logistics reasonable. The vector sensor described in this work offers a more capable
array element than the crossed dipoles typically used for ground-based low frequency
interferometric arrays or the tripole antennas (dipole triads) often considered for
space based arrays. When combined with appropriate signal processing, the extra
degrees of freedom that the vector sensor provides will reduce the number of spacecraft
needed for mapping the sky below 10 MHz both by increasing the sensitivity of
each interferometric array element and by improving rejection of interfering sources.
The potential for utilizing the vector sensor to provide characterization of strong
interfering sources also opens the possibility of using these degrees of freedom to
provide spatial pre-whitening. This may enable astronomically useful observations
much closer to Earth than previously proposed missions, which often select Lunar

orbits or surface installations to exploit the radio shadow of the Moon [145].

7.3 Vector Sensor: An Optimal Antenna for Low
Frequency Space-Based Interferometry?’

A vector sensor is composed of three orthogonal dipole elements and three orthogonal
loop elements that share a common phase center [323, 215]. Figure 7-1 shows a
vector sensor designed by the Naval Research Laboratory (NRL) [174]; the three loop
elements and three dipole elements are clearly visible. Two out of the three dipole

elements shown comprise a crossed dipole; all three dipoles form a tripole. Crossed

3This work was published in [158, 245, 159]

179



dipoles and tripoles have been proposed as the fundamental antenna element for

various space-based low frequency interferometric arrays (see previous section).

The six elements of the vector sensor allow it to measure the full E-field and B-field
of incident electromagnetic radiation. This allows the vector sensor to determine di-
rection of arrival as well as polarization of an incoming signal in a single measurement.
While vector sensors have not previously been used for radio astronomy, they offer
significant benefits in both sensitivity and interference nulling [226] over the more
traditional crossed dipoles or dipole triads currently used in interferometric arrays.
These benefits suggest that vector sensors would make more capable interferometric
elements for a future space-based array and allow for a reduced number of elements
with no loss in performance. Development of the vector sensor as a radio astron-
omy instrument is ongoing as part of a collaboration between myself, MIT Haystack
Observatory, and Lincoln Laboratory. My work on the project was focused on devel-
oping imaging algorithms for individual vector sensors as well as small interferometric

arrays of vector sensors.

Vector sensors have three key advantages:

1. Vector sensors are able to determine direction of arrival of sources [325] without

resorting to multiple poses as required for a triad.

2. Vector sensors maximize the statistics collected from a single point in space.
This maximizes the utility of a single satellite short of deploying a spatial array
and will provide a more capable interferometer with fewer spacecraft. While
the final constellation is expected to contain multiple satellites, the ability to
collect these statistics with a vector sensor allows radiometric imaging to be

performed with a single spacecraft.

3. Vector sensors can null or isolate specific sources [247]. This potentially is of
benefit in the near earth environment where background signal due to terrestrial

sources can require measurements with extraordinary dynamic range.
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Figure 7-1: Vector sensor designed by NRL [174]. The three mutually perpendicular
loop elements and three dipole elements are clearly visible. Dimensions of the loops
and dipoles are indicated in red.

7.3.1 Vector Sensor Data Model

The response of the vector sensor as a function of spatial position (6, ¢) and polar-

ization (a, §), from Wong et al. (2000) [326] and separately derived by Alan Fenn:

y = Pa (7.1)

a=a(f,¢,a,0) = = (7.2)

181



cos(0) cos(¢)

cos(f) sin(¢)
—sin(6)
—sin(¢)

cos(¢)
0

€' cos(f) cos(¢) sin(a) — cos(a) sin(¢)
cos(a) cos(¢) + €' cos(6) sin(a) sin(¢)
—e sin(a) sin(6)
— cos(a) cos(f) cos(¢) — e sin(a) sin(¢)
€' cos(¢) sin(a) — cos(a) cos(#) sin(¢)
cos(«) sin(#)

(7.3)

The amplitude-weighted vector sensor array response is y and [ is a scalar amplitude.

The six elements of a correspond to the three dipoles (e, e,, e.) and three loops (h,,

hy, h.). The right-hand side of Equation 7.3 is a column vector of six vector sensor

steering vectors.

These steering vectors represent the ideal output of each vector

sensor element (amplitude and phase) as a function of incoming radiation properties

0, ¢, , 9).

The alternative formulation from Nehorai et al. (1999) [214] uses polarization
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The right-hand side of Equation 7.7 represents the same six steering vectors as Equa-
tion 7.3, but using a different polarization basis. In either polarization formulation,
the vector sensor response to multiple sources at different locations with different
polarizations is the sum of the steering vector for each source. An inversion technique
is required to recover the location and polarization of sources from the 6-element
column vector representing the phase and amplitude of each vector sensor channel

output.

7.3.2 Expectation Maximization for the Vector Sensor*

I tested variety of inversion algorithms during the vector sensor development effort.
Detailed algorithm descriptions and comparisons can be found in [302]. I will briefly

outline the Expectation Maximization (EM) algorithm [67, 200] that is used on sim-

4Adapted from [158], Section 2
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ulated data in subsequent sections. The application of the EM algorithm to vector
sensors is described in detail in [246].

For simplicity, the full 47 steradian sphere from which the vector sensor can receive
signals (assuming it is in space) is discretized into I pixels using HEALpix [116]. We
consider K temporal samples from N vector sensor elements (N = 6). Initially,
two polarization bases were used (horizontal and vertical linear polarization or right
and left circular polarization), but a full Stokes polarization basis is necessary when
working in the higher order covariance space of the EM algorithm. Steering vectors
are generated for every spatial pixel in each Stokes component. The full array of
steering vectors A is indexed ¢ = 1...I. Radiation from each spatial/polarization cell
is assumed to approximate a complex white Gaussian process. The vector sensor

output z[k] for each temporal sample is given by
z[k] =) _ c;[k]a; + n[k] (7.8)
i=1

where n[k] is the receiver noise, also a complex white zero-mean Gaussian process.
The columns of A are a; and ¢;[k] represent the signal from each spatial/polarization

cell. In matrix form,

Z=AC+N (7.9)

where Z has columns z[k], A has columns a;, C has columns ¢;[k], and N has columns

nk|. The sample covariance matrix S is therefore

1
S = ?ZZH (7.10)

The steps of the EM algorithm are as follows:

1. Initialize the complete data spectral estimates >! and covariance matrix R!:

R'= AS'AY 4+ R, (7.11)

2. Iterate until convergence criteria met or maximum iterations P exceeded (p =
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SPH = diag(SP + SPAT(RP SRP — RP )AS?) (7.12)
R’ = ASPHAT LR, (7.13)

R, is the noise covariance matrix. The superscript # represents a hermitian trans-

pose and the superscript ~!

represents a matrix inversion. The estimates for signal
amplitude for each spatial/polarization pixel at iteration p are the elements of the

column vector XP.

7.3.3 Simulated All-Sky Imaging with the Vector Sensor’

This section describes simulated imaging results using the EM algorithm described
in the previous section. The work described below was carried out in MATLAB.

Simulated sky maps and test patterns were generated using equal area sampling
of a sphere rather than a regular grid in spherical coordinates. A grid with equal
spacing in elevation and azimuth oversamples the poles and undersamples the equa-
torial region, leading to poor convergence and distortions in the resulting images. A
MATLAB implementation of the HEALPix [116] library developed by JPL was used to
generate a list of sample points that are equally spaced over 47 steradians. Fairly
coarse sampling was used for the simulations presented here (3072 pixels over the
sphere, each pixel is approximately 13 square degrees) in the interest of reasonable
simulation runtimes. Tests with higher resolution indicated that there was little loss
of fidelity due to the decreased simulation resolution.

As illustrated in Figure 7-2, discrete sources, representing unresolved bright ra-
dio sources, were modeled either as single bright pixels or as low variance bi-variate
Gaussian distributions. Spatially distributed sources (e.g. the galactic plane or other
bright resolved object) were modeled as Kent (FB5) [152] distributions. A Kent
distribution is a bi-variate Gaussian distribution recast onto the surface of the unit

sphere. A small Gaussian noise component was added to each pixel of the simulated

This section is reproduced from [158], Section 4
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(a) Simple simulated sky, 3D sphere (b) Simple simulated sky, Mollweide projection

Figure 7-2: Simulated sky maps using HEALpix sampling. The simulated point and
distributed sources shown were used to generate simulated input for EM algorithm
testing. The pixel values are normalized and the colorscale represents intensity in
dB. Figure 7-2a view shows the model sky on a sphere. Individual pixels are visible.
Figure 7-2b view is a smoothed Mollweide projection of the same simulated sky.

sky map. All pixel values in the map were constrained to be positive. Running the
EM algorithm on the simulated sky in Figure 7-2 produced the estimated brightness
distribution in Figure 7-3. The EM algorithm is ‘tuned’ to produce point-like ‘peaky’
results, so the distributed source in the input image has become a set of point sources
over a brighter background. Alternative algorithms or smoothing penalties may im-
prove the recovery of distributed sources and this will be a topic for future algorithm

refinement.

The dimensionality argument from [158], Section 2, indicates that the vector sensor
should be able to resolve up to 19 sources if higher order statistics are exploited
correctly. In order to test this assertion, point sources of varying intensity were
scattered randomly across a sphere. This model sky was sampled many times to
produce a time series input to the EM algorithm. When the point sources were
modeled as white Gaussian processes across the full time range of the simulation,
up to 5 sources could be resolved when a uniform distribution of energy was used to
initialize the estimation algorithms (Figure 7-4, (a), (c), (¢)). This limit on resolution
was almost certainly due to local maxima in the log-likelihood since initializing the

algorithms with a solution that was close to the truth and with more sources than

186



EM: Horizontal

-20

-30

40

-50

-60

Figure 7-3: EM algorithm estimate for all-sky brightness distribution. This result was
generated from a single time ‘snapshot’ of the sky model. The image is normalized and
the colorscale represents dB. The EM algorithm is somewhat biased toward finding
peaks, so various smoothing penalties are being investigated to improve imaging of
spatially distributed sources.

5 would converge. When the sources were instead impulsive, meaning each source
appears only once in the time series, up to 18 sources could be resolved (Figure 7-4,
(b), (d), (f)) even with the uniform distribution for initializing the estimators. This
approaches the theoretical number of sources that we expect to resolve when fully
exploiting higher order statistics.

While the current algorithm performance for true Gaussian sources is below what
is theoretically possible, the vector sensor is still able to detect the direction and
polarization of multiple sources from a single pose. Algorithmic development is on-
going to improve performance for truly Gaussian sources. The ease with which the
algorithm detects impulsive, non-Gaussian sources maybe of use for detecting and
nulling interfering terrestrial signals. Indeed, the primary relevance of source detec-
tion for the vector sensor in the context of a space-based interferometric array is

nulling unwanted interfering sources.

7.3.4 Vector Sensor Sensitivity

The vector sensor’s nulling capability provides an advantage over alternative antennas

for a space-based interferometer (dipole, tripole). Another key advantage of the vec-
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Figure 7-4: Results from point source detection tests. The left column (a, ¢, e) shows
the results for a simulation using five white Gaussian sources. The right column (b,
d, f) shows results from a simulation using 19 impulsive ‘lightning-like’ sources. The
top row of images (a, b) shows the horizontal polarization map, the middle row (c, d)
shows vertical polarization, and the bottom row (e, f) shows total intensity (Stokes
I). The yellow markers (‘*’ for Gaussian sources, ‘4’ for impulsive sources) indicate
the true position of horizontally polarized sources while the cyan markers indicate
the true position of vertically polarized sources. The colorscale is the same for each
image and is in units of dB. These examples demonstrate that a single vector sensor
can successfully detect and determine the polarization of up to 18 point sources.
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tor sensor is increased sensitivity per interferometer element. A detailed calculation
of signal-to-interference plus noise ratio (SINR) for a vector sensor and dipole triad
(tripole) can be found in [158], Section 2°. The results are reproduced here in Figure
7-5. In the general case, the vector sensor is 2x (3 dB) more sensitive than a tripole of
equal dimensions. In the case of interfering sources, the sensitivity improvement pro-
vided by the vector sensor is a function of angular distance from the interfering source.
This is illustrated clearly in Figure 7-5a, where the sensitivity to vertically polarized
sources is shown as a function of angle when a bright vertically polarized interfering
(or ‘nuisance’) source is placed at the center of the map. The vector sensor sensitivity
advantage ranges from 1 dB to 6 dB for this case. One reason the vector sensor is
more sensitive than a similarly sized tripole is that the extra elements remove any an-
gular ambiguity in source position. The increased sensitivity of the vector sensor vs.
a dipole triad means that an interferometric array composed of vector sen-

sors would need only half as many elements to achieve a set sensitivity

requirement when compared to an array composed of dipole triad ele-

ments.

(a)
Vertically Polarized Sources,Vertically Polarized Interferer (b)
Circularly Polarized Sources, Vertically Polarized Interferer

o - N © & o o

o - n w & o o

a

(a) (b)
Figure 7-5: Comparison of the SINR (dB) of a vector antenna vs. a tripole antenna
for a high interference-to-noise power ratio. The simulation is of a single interfering
source and the relative SINR plotted shows the improvement provided as a function
of the angle in space. The interfering source is at the center of the image and is
vertically polarized. Plot (a) illustrates the gain for observing vertically polarized
sources. Plot (b) shows the gain for right-circularly polarized sources.

SFrank Robey did the SINR analysis and Ryan Volz provided the simulated images
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7.3.5 Vector Sensor for CubeSats

Lincoln Laboratory designed, manufactured, and tested several vector sensors for
testing as part of the vector sensor project. The CubeSat-compatible deployable
vector sensor (DEVS) is shown in Figure 7-6. The vector sensor stows into a 1 U
(10 x 10 x 10 cm) volume. It deploys in two stages. First, the top of the container
expands upward to increase the available loop area of the loop elements. Second,
the orthogonal rectangular loop arms uncoil from the central spool. The rectangular
loops are currently made from spring steel (tape spring), but lighter weight materials
are being considered. The orthogonal rectangular loops are both loop antennas and
dipoles through the use of a hybrid modeformer, so they comprise four out of the
six vector sensor elements. The third loop antenna is strung around the perimeter of
the rectangular loops and the last element is a monopole that extends up from the
circular canister at the top of the deployer. Each loop-dipole is 4 m tip-to-tip and
the monopole is 2 m long. Details of the DEVS design and testing can be found in
[245].

) Monopole
Loop/dipole 2 «— 2 m)

jp-to-ti
LoopID'\po\e 4 (4 P to-tip)

Spacecraft bus

Figure 7-6: DEVS deployable vector sensor. The vector sensor deploys in two stages.
The stowed configuration is shown on the left. The first stage of deployment is shown
in the center (deployer top extends upward). The final deployed configuration is
shown on the right.
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7.4 HeRO: A First Step’

No space-based interferometric observatory has been funded or flown to date. This
initial hurdle must be overcome before an instrument capable of detecting Earth-
strength magnetic fields can be proposed. HeRO (Heliophysics Radio Observer), led
by PI Dale Gary of NJIT, is a proposed small ‘Mission of Opportunity’ submitted
to NASA Heliophysics for consideration. HeRO, if funded, is a critical first step
towards a larger future exoplanet-capable space-based interferometer because it will
demonstrate the technology, algorithms, and operational strategy necessary for space-

based radio interferometry.

7.4.1 Science Objectives

HeRO’s science case focuses on solar radio bursts, specifically type II and type III
bursts. Solar radio bursts are an attractive target for the first space-based interfero-
metric mission because they are very bright (10% - 10® Jy) [254, 161, 320] and occur
often, especially during solar maximum. Type II solar bursts are thought to originate
from plasma shocks, often driven by coronal mass ejections (CMEs) [113, 114]. Type
I1I solar bursts are associated with relativistic electron beams propagating along solar
magnetic field lines [286]. HeRO will measure the precise position of radio emission
from type II and III radio bursts as a function of time, frequency, and polarization.
The frequency of emission depends on the local plasma frequency, so these measure-
ments will trace out the density structure of the solar coronal and interplanetary
medium as disturbances propagate out from the sun.

HeRO seeks to answer three key questions:
1. What are the shapes and properties of CME shock fronts?

2. What are the sites and conditions for efficient particle acceleration in coronal

"Some of this material is used in ”HeRO: A Space-Based Low Frequency Interferometic Obser-
vatory for Heliophysics Enabled by Novel Vector Sensor Technology” by M. Knapp, D. Gary, M.
Hecht, C. Lonsdale, F. D. Lind, F. C. Robey, L. Fuhrman, B. Chen, A. Fenn, and the HeRO Team.
This is a reviewed proceeding paper for the 8th International Workshop on Planetary, Solar and
Heliospheric Radio Emissions (PRE VIII). The paper is currently in review.
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and interplanetary shocks?

3. What is the topology of magnetic fields from the Sun into the heliosphere?

Currently, coronagraphs in Earth orbit or 1 AU heliocentric orbits can track CMEs
as they erupt from the sun, but are limited in their ability to trace CMEs as they
propagate beyond the corona. HeRO will track CMEs as they evolve from the Sun
to the Earth via type II radio bursts, potentially improving space weather forecast-
ing. Similarly, the interplanetary magnetic field is simulated starting with boundary
conditions at the sun based on magnetographs and at the Earth based on in-situ
satellite measurements [228]. There are no direct measurements of the interplanetary
magnetic field between the solar corona and the Earth. Tracing type III bursts with
HeRO will fill in this observational gap.
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Figure 7-7: HeRO coverage in solar distance and frequency. The solid black curve
shows plasma frequency (fundamental) as a function of distance from the sun. The
blue shaded area shows HeRO-G’s frequency coverage and corresponding solar dis-

tance coverage. The blue shaded area shows HeRO-S’s coverage. HeRO coveres 100
kHz — 300 MHz in frequency and 1.03-90 Rg,,. Figure by D. Gary (NJIT).

HeRO is a composite instrument with a space-based component (HeRO-S, Sec-

tion 7.4.2) and a ground-based component (HeRO-G, Section 7.4.2). Splitting the
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instrument into ground and space components increases frequency coverage while
minimizing cost. Observations above the ionospheric cut-off frequency can be con-
ducted on the ground, so HeRO-G can take advantage of significantly lower operating
costs vs. spacecraft as well as increased flexibility, ease of maintenance, larger avail-
able data storage and increased processing resources. HeRO-S covers the portion of
the spectrum that is impossible to observe from the Earth’s surface and allows HeRO
to track radio bursts from 2 solar radii to 0.5 AU (see Figure 7-7). Together, HeRO-S
and HeRO-G provide 100 kHz-300 MHz frequency coverage. HeRO-S and HeRO-G

overlap between 15-20 MHz, allowing for cross-instrument calibration.

7.4.2 HeRO Instrument Description
HeRO-S

HeRO-S(pace) comprises a flock of 6 identical 6U (30 x 20 x 10 cm) CubeSats, each
with antenna, receiver, position and timing synchronization, precision clock, and
memory management. For interferometry of solar radio bursts, the 6 spacecraft are
positioned such that the baselines range from 0.5-10 km, in an optimized 3D arrange-
ment that is insensitive to slow variations with time (see Section 7.4.3). For tran-
sient sources like solar radio bursts, traditional aperture synthesis based on evolving
baseline projections is not possible, but ‘snap-shot’ interferometry allows precision
metrology of centroids for single, compact sources, from which spot maps can be
generated as a function of time and frequency.

HeRO-S uses a vector sensor as its antenna. The directivity of the HeRO-S Vec-
tor Sensor (VS) (Section 7.3) provides the capability to determine the direction of
arrival and the polarization sense of incoming waves, allowing spatial and polariza-
tion steering of the antenna beam or nulling of interference sources. This allows
HeRO-S to adaptively suppress noise from terrestrial sources by an estimated 30 dB
compared to conventional methods, such that solar radio bursts will dominate the re-
sult [158]. Without such nulling capabilities, avoidance of strong terrestrial emissions

of both natural and artificial origin would require deployment to a distant location
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(e.g. Lagrange point or lunar orbit), severely limiting data downlink rates. Position-
ing HeRO-S above the plasmapause minimizes plasmaspheric masking and distortion
over the entire 0.1-20 MHz frequency range while remaining close enough to the Earth
for efficient high data rate communication.

HeRO-S CubeSats will fly in loose flock in an elliptical, slightly skewed geosyn-
chronous (S-GEO) orbit. The S-GEO orbit® is both slightly eccentric and slightly
inclined so it provides the benefits of a GEO orbit (reliable communications, observa-
tions above the ionosphere) while never transiting the crowded GEO belt. Require-
ments for stationkeeping of the spacecraft are not stringent. Knowledge of relative
spacecraft position is sufficient to establish array coherence, and can be refined to high
accuracy by the interferometry itself. Position knowledge to 1/10-1/16 of a wavelength
is generally considered sufficient for interferometric baselines, so HeRO-S’s position
knowledge requirement is 1-1.5 m at 20 MHz — well within the capability of stan-
dard ranging systems. Each spacecraft carries a chip-scale atomic clock for precision
timing and has a small electric propulsion system for initial orbit adjustment, station-
keeping, reaction wheel desaturation, and disposal at end of life. The stationkeeping
requirements for the S-GEO orbit are minimal (~64 m/s AV).

To date, most CubeSats have been launched into low Earth orbits (LEO), but LEO
orbits are still within the ionosphere and are thus unsuitable for HeRO. Atmospheric
drag in LEO would make maintaining the ‘flock” much more difficult as well. There are
rideshare opportunities to orbits beyond LEO and the most important consideration
for CubeSats beyond GEO is improved radiation tolerance.

HeRO-S will observe the sun for 16 hours per day and store raw voltages in a
ring buffer which can hold up to 32 hours of raw data. During the remaining 8
hours, when the Earth and plasmasphere are between the HeRO-S flock and the Sun,
HeRO-S will downlink data that has been flagged as containing an event based on
ground-in-the-loop examination of summary dynamic spectra from each node. HeRO-
S will use a large dedicated X-band ground station to downlink decimated raw data

for correlation on the ground rather than cross-correlating in space and downlink

8Developed by Arthur Lue at MIT Lincoln Laboratory.

194



Crossed loop/dipole
EENENS

. Perimeter
loop

=
Radio — " “§

Propulsion .
Batteries
Receiver
& signal
processor

Figure 7-8: The 6U HeRO-S spacecraft. The vector sensor is composed of two
crossed loop/dipole arms, a perimeter loop around the tips of the loop/dipoles, and
a monopole. False colors are used to highlight key subsystems. CAD model by M.
Silver.

the visibilities. Retaining the raw data enables iterative tuning and adjustment of
the correlation process for a particular observation, and allows iterative estimation
of instrumental calibration parameters. In this respect, the data from both HeRO-S
and HeRO-G will allow more processing flexibility than the visibility-only data that

is produced by most major observatories.

HeRO-S will be calibrated using a stable NIST-traceable noise diode or comb
generator to provide on platform amplitude, frequency, and phase calibration. The
calibration signal will be injected into the six antenna inputs [76, 195] to determine
channel-to-channel gain and phase differences as well as the absolute gain of the re-
ceiver system. The VS antenna element gains as a function of angle are measured by
rotation of the spacecraft while observing a known reference such as a ground-based
source. Traditional radio interferometry techniques like self-calibration will be used
in post-processing on the ground after correlation. To suppress self-electromagnetic
interference (EMI), all HeRO subsystems will be selected for low noise and shielded
where necessary. Several spacecraft subsystems, including propulsion and commu-
nication, will be turned off during data acquisition. The EMI spectrum will be
evaluated throughout development and any affected frequency ranges affected will

be constrained where EMI cannot be eliminated entirely.
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HeRO-G

HeRO-G(round) is the ground-based component of HeRO (15-300 MHz). HeRO-G
is composed of two geographically separated ‘stations’, each containing 25 HeRO-
G nodes with UV coverage optimized for solar observing (Figure 7-9b). Together,
the two HeRO-G stations will provide 164 hours of solar observation per day. The
HeRO-G nodes are based on the RAPID (Radio Array of Portable Interferometric
Detectors) node design [178]. RAPID is currently under development at MIT Haystack
Observatory in collaboration with Cambridge University and NASA JPL. Each RAPID
node is physically independent, equipped with a high performance direct digitization
receiver, hot-swappable solid state disk (SSD) storage, precision clock, solar and bat-

tery power, and optional wireless interconnection.

HeRO-G : UV coverage (instant) and
antenna iti (n=23; i

v (meters)

(b) Antenna positions and instantaneous
(u,v) coverage for HeRO-G station

(a) RAPID Field Unit with SKALA antenna.

Figure 7-9: RAPID Field Unit, used as the basis for HeRO-G, (a) and HeRO-G station
layout and UV coverage (b). There are 25 HeRO-G units per station, arranged in a
randomized Reuleaux triangle (red dots) to achieve uniform (u,v) plane filling (blue
x). Baseline lengths range from 100 m — 10 km.

Each HeRO-G node will use a variant of the SKALA antenna [64] for 50-300 MHz
(Figure 7-9a) and a modified LWA antenna [83] for 10-70 MHz. Both antennas will

operate simultaneously using a common field unit base. Raw voltage signals from
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HeRO-G antennas are captured, filtered, decimated, compressed, and time-tagged
before being transferred to the SSD ring buffer in the HeRO-G base unit.

A subset of HeRO-G nodes will be used as a triggering system that semi-autonomously
identifies solar bursts from their compact, transient, and spectrally narrow features
and their angular location relative to the solar position. A successful detection causes
raw data to be retained locally and a trigger to be sent to the outlying, unconnected
nodes via Iridium or other satellite provider. Data are collected manually by swapping

the solid state disks and transferring them to a centralized cloud computing facility.

7.4.3 HeRO Simulation

This section describes HeRO sensitivity calculations and simulation of HeRO UV
coverage, PSF, and spot mapping observations.

HeRO Sensitivity

HeRO’s sensitivity depends on:
e Galactic background noise
e Antenna and receiver (RF chain) noise
e Bandwidth
e Integration time
e Number of antennas

The sensitivity calculations are slightly different for HeRO-S vs. HeRO-G since every
HeRO-S antenna sees all of the sky (47 sr) while HeRO-G antennas see only half of
the sky (27 sr). Figure 7-10 shows HeRO’s sensitivity compared to typical type II
and III radio bursts.

For HeRO-S, galactic background noise and antenna/receiver noise are summed
to attain the noise floor (1-o sensitivity) of system-equivalent flux density (SEFD).
The antenna noise was provided by Kerry Johnson (MIT Lincoln Laboratory) based
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on a performance simulation. The antenna/receiver noise was reported in units of
V/m/V/ Hz, electric field spectral density. These data were converted to typical radio
astronomy units of Jy (1072 W/m?/Hz), a spectral flux or ‘power’ unit, according

to Equation 7.14:

P 2 () -

m?- Hz R()
Units for each quantity are shown in parentheses and R is the impedance of free space
(377 Q).
The galactic background noise is a piece-wise power law from [145] given in units

of brightness temperature:

16.3-10° K (5% at v > 2 MHz

Ty = (7.15)

163-10° K (5%%2) "~  at v < 2 MHz

o
=
=
N

Brightness temperature T is converted to flux units S (Jy or W/m?/Hz) using Equa-

tion 7.16:
B 2k

c2

S Tv? = 3.86084 - 107° Tv? (7.16)

where kp is Boltzmann’s constant, ¢ is the speed of light, and v is frequency in Hz.
In order to make this conversion, some solid angle 2 must be used. For interferome-
ters, that is usually the solid angle of the synthesized beam to the half power point
(Qsynen, = %, where 6 is the half-power beamwidth of the synthesized beam). In

the case of the individual vector sensor, we can use ) = 4.

The SEFD for HeRO-S is therefore the quadrature sum of galactic noise and
antenna noise. Figure 7-10 shows antenna nosie in dark blue, galactic noise in red,
and the quadrature sum in black. The curves have been adjusted downward by
a factor of 2 to convert from single antenna to full vector sensor, v/2 in order to
represent a single HeRO-S baseline (2 vector sensors), and /8000 for a integration
time-bandwidth (BAt) product of 8000.

HeRO-G uses an LWA-derived antenna [83] for low frequencies and the SKALA
antenna [64] for higher frequencies. The SEFD for the LWA antenna/receiver was
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calculated by fitting a power law to data available in [83], Fig. 3. The SEFD for
the SKALA antenna was provided by Eloy de Lera Acedo”. The same BAt shift was
applied to the LWA and SKALA SEFD. The LWA SEFD /sensitivity curve is shown
in dotted green and the SKALA curve in dotted cyan in Figure 7-10. Each curve

represents a single baseline (2 antennas).
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Figure 7-10: HeRO Sensitivity compared with expected solar radio burst flux. A
single baseline of HeRO-S or HeRO-G will detect type II and III solar bursts over
several decades of intensity and frequency. Shown for comparison are an average type
IIT burst spectrum, scaled to an occurrence rate of 3 bursts per day (red) [161, 254];
the range of type II bursts recorded by Wind/WAVES and STEREO over several
years (gray box) [320]; the intensity of both type II and type II bursts observed by
Wind/WAVES (black dashed) [113]; HeRO-S SEFD (solid black), the quadrature
sum of antenna noise (dotted blue) and galactic background (dotted red) assuming a
time-bandwidth product BAt= 8000; HeRO-G SEFD for LWA antenna (green [83])
and SKALA antenna (cyan [64]). HeRO-G sees substantially less galactic noise than
HeRO-S because of the limited field of view.

The HeRO sensitvity plot (Figure 7-10 also shows a range of estimates for the
flux of type II and III radio bursts. The large gray shaded box represents the range
of frequency and intensity of type II radio bursts observed by Wind/WAVES and
STEREO [254]. Spectral information was not available for the data in [254]. An

average spectrum of type III radio bursts was generated from data in [161] (red

9Private communication, 10/10/16.
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dotted curve). Krupar et al. (2014) [161] also provided occurrence rate statistics for
type III radio bursts. The flux level of the red dotted curve is consistent with an
occurrence rate of 3 per day. The orange curve shows the average flux level for type
IT bursts with an occurrence rate of 15 per year [320]. The final curve (dotted black)
is a spectrum of type II/III bursts found in [113], Fig. 15.1. This curve disagrees with
the flux levels of a large sample of type II bursts indicated by the gray box. Multiple
attempts to contact the author and determine the source of the disagreement were
unsuccessful, so the curve has been included for completeness.

HeRO will be able to provide additional statistics on the occurrence rates, occur-
rence vs. intensity, and spectral characteristics of type Il and III radio bursts. HeRO
will able to detect nearly all type II and III radio bursts represented in Figure 7-10
over their entire frequency range. HeRO will have a single baseline SNR of at least 30
for all frequencies for type III radio bursts represented by the average spectrum (red
dotted curve) if a BAt product is maintained. The bandwidth and integration time
for BAt = 8000 at 20 MHz are 40 kHz and 0.2 sec (maintaining a 0.2% fractional
bandwidth). At 100 kHz, B = 200 Hz and At = 40 sec. Larger fractional bandwidths

may be allowed at lower frequencies.

Interferometric Simulation

This section describes interferometric modeling for HeRO-S. Some of the modeling
tools were modified from work described in [160]. HeRO-S orbit design was done by
Arthur Lue of MIT Lincoln Laboratory. Here I have simulated the HeRO-S orbits
in STK ' based on orbital elements provided by A. Lue. The orbit configuration
is referred to as skew-GEO (geostationary). The orbits are slightly inclined relative
to the equatorial plane as well as slightly eccentric to avoid crossing the heavily
populated GEO belt, which is home to many commercial and government spacecraft.
The HeRO-S orbits therefore have the stability and stationarity of traditional GEO
orbits without the regulatory burden of operating safely in the GEO belt.

Given orbital parameters, STK evolves the orbits through time and reports po-

10System Tool Kit by AGI. See https://www.agi.com/products/engineering-tools
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Figure 7-11: HeRO spot map accuracy as a function of frequency. Spot map accuracy
depends on signal-to-noise ratio (SNR), so the red curve varies according to the
difference between HeRO-S SEFD (Figure 7-10, black curve) and the average type I1I
burst spectrum (Figure 7-10, red dotted curve). The resolution is simply */p for the
array, assuming the maximum baseline (D) is 10 km.

sitions in cartesian coordinates. I imported those coordinates into MATLAB, trans-
formed them into a coordinate system centered in the HeRO-S array, and computed
(u, v, w) coordinates for each timestep. I then flattened the (u, v, w) coordinates into
(u, v) coordinates in a plane perpendicular to the direction of the Sun. Instantaneous
(u,v) positions of HeRO-S at 20 MHz are shown in Figure 7-12; (u,v) coverage for
HeRO-S at 20 MHz over 24 hours is shown in Figure 7-13. Reducing the number
of active HeRO-S satellites degrades the PSF and introduces additional ambiguities.
Figure 7-14 shows the PSF resulting from instantaneous (u,v) positions of 4 HeRO-S
satellites; Figure 7-15 shows the improved PSF when all 6 satellites are used.
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Figure 7-14: HeRO-S PSF, 4 satellites
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Figure 7-15: HeRO-S PSF, 6 satellites

7.4.4 HeRO Secondary Science Goals

HeRO’s primary mission is focused on heliophysics, but this novel instrument presents

an opportunity to do other solar system radio science as well. Since each HeRO
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element sees the whole sky all the time, it can be digitally ‘pointed’ at any target
during calibration on the ground. Below are two secondary science goals for HeRO.

Studying radio emissions from Jupiter and the other outer planets. Jupiter’s radio
flux is often within an order of magnitude of solar bursts [117], and readily observable
with HeRO. HeRO has the unique capability to observe remotely both the initiation
of IPM disturbances (via type II bursts) propagating toward Jupiter and the resulting
radio emission when the disturbances interact with Jupiter’s magnetosphere.

Saturn’s radio emission has been monitored by Cassini for over a decade, reveal-
ing intriguing variations in the modulation periods of kilometric radiation from the
northern and southern magnetic poles [124]. When Cassini completes its ‘Grand Fi-
nale’ and dives into Saturn, there will be no instrument monitoring the continuing
evolution of SKR periodicity.

Imaging of the galactic synchrotron background, and the absorption structures at
HF frequencies. Since the structures are static, both sensitivity and (u,v) coverage
can be built up over time during the spacecraft orbit, and as the orbits slowly evolve.
All-sky mapping at HeRO’s frequency range would provide the first such maps with
resolution greater than 60°. Such maps offer the tantalizing possibility of serendipi-
tous discoveries, a feature of all past mapping efforts that opened up a new window in
the electromagnetic spectrum. In more practical terms, HeRO’s all-sky maps would
provide important constraints on scattering and absorption in the interstellar and in-
terplanetary medium (ISM/IPM). Measuring the effects of the ISM/IPM on sources
outside the solar system will inform the design of larger space-based low frequency

interferometers.

7.5 Conclusions and Next Steps

HeRO is not sufficiently sensitive to detect exoplanetary radio emission, though it
may be useful for solar system planetary radio emission, particularly for Jupiter and
Saturn (see above). It is a stepping stone, however, to larger space-based arrays

that could be capable of detecting radio emission from nearby exoplanets. The most
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important feature of the vector sensor described above is that it is twice as sensitive
as a comparable crossed dipole, meaning that an array of vector sensors requires half
the number of elements for a given sensitivity. As shown in Figure 1-5, the entire
population of exoplanets with magnetic field weaker than Jupiter’s (assuming such
exoplanets exist, as they do in the Solar System) will be left out if they are not
suitably situated to modulate the radio emission of their host stars. To access this
population, and learn about the magnetic fields of terrestrial planets from a larger
sample than the solar system can provide, space-based observation is the only way
forward. The requirements for a space-based array capable of detecting Earth-like

magnetic fields is discussed in the next chapter, section 8.3.2.
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Chapter 8

Summary and Conclusions

8.1 Contributions to Exoplanetary Radio Astron-

omy

Three different approaches were used in this work in an effort to detect radio emis-
sion from exoplanets. Chapter 3 described a systematic approach to searching for
exoplanetary (or stellar) radio emission from nearby systems in archival radio survey
data. The limits obtained are shown in Figure 8-1. The key contribution of the work
described in Chapter 3 was a flexible tool that can be used on any radio (or other
wavelength) survey for which images are available. As an example, the framework
developed for radio exoplanet searches has been used to look for ‘Planet 9’ [18] across
radio, IR, and optical catalogs'. Fully utilizing survey image data rather than just
source catalogs highlights systems that require follow-up and can also be used to
identify problematic systems for targeted observations, such as systems with a bright
radio source nearby.

Chapters 4 and 5 focus on targeted observations. Chapter 4 describes a survey
that set stringent limits on radio flux at 1-4 GHz from the nearest star systems.
The original goal of the Nearest Stars survey was to search for and set limits on radio

emission from yet-unknown exoplanets with no preconceptions about which stars were

'Work carried out by C. Minsky (UROP) under supervision of M. Knapp and B. Weiss.
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Figure 8-1: Upper limits on radio flux (left) and luminosity (right) from archival
survey data (reproduced from Chapter 3, Figures 3-24 and 3-10). Panels a and b
show limits for the 100 pc exoplanet host sample; panels ¢ and d show limits obtained
for the 8 pc nearby stars sample. Blue downward triangles represent 3¢ limits at 74
MHz derived from VLSSr. Red downward triangles represent 3o limits at 150 MHz
derived from TGSS ADRI1. The top horizontal axis on all plots indicates the magnetic
field strength implied by the observing frequency assuming that emission is at the
cyclotron frequency (see Equation 1.1). The right hand vertical axis on panels b and
b compares the luminosity values on the left vertical axis with Jupiter’s luminosity
at ~30 MHz.

most likely to host planets. The survey produced limits on quiescent stellar flux for
four objects, several of which had no published limits at 1-4 GHz. Limits for the five
objects observed with the VLA are summarized in Figure 8-2. The limits obtained also
ruled out radio emission greater than 10x Jupiter’s flux for any substellar companions,

at least during the observations. One of the objects for which limits were set was
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a very recently discovered low mass (T9) brown dwarf with no previously reported
radio observations at any frequency. A series of bright radio flares was detected from
the M dwarf binary system Ross 614. Additional survey data from LOFAR and VLA
P-band will add to the comprehensive limits compiled for the survey objects. Future
survey observations will be longer to increase the chances of detecting periodic radio

emission.
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Figure 8-2: Upper limits on radio flux (left) and luminosity (right) for five nearby
stars derived from VLA observations (Ch. 4), survey data (Ch. 3), and literature
(reproduced from Chapter 4, Figure 4-6). Marker shapes represent the type of limit
or detection; marker colors indicate the object observed. Limits for 74 and 150 MHz
are derived from the archival search described in Chapter 3. Limits and detections
for 1.4 and 2.5 GHz are from this work and from literature (see Tables 4.4.3, 4.4.3).
All higher frequency detections/limits are from literature.

Observations of eccentric hot Jupiter HD 80606 b introduced yet another obser-
vation strategy: orbital phase targeting. This strategy addresses the challenge of
optimizing observations to times (orbital phases) when exoplanetary radio emission
is expected to be at a maximum. In the case of eccentric planets, that time is before,
during, and after periastron when the stellar wind is most intense. LOFAR LBA
observations of HD 80606 b near planetary periastron produced the lowest limits ever

at LBA frequencies. All available limits for HD 80606, including from this work,
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are summarized in Figure 8-3. The challenges of ionospheric calibration encountered
while reducing the LOFAR LBA HD 80606 b data highlight the need for innovative
approaches to ionospheric calibration. New observations of a recently discovered HD
80606 b analog (HD 156279 b) that is much closer to the Solar System have been
carried out and data reduction on this promising system is in progress. HD 156279
b offers the opportunity to set more tightly constraining limits on physical processes

than is possible for the more distant HD 80606 b.
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Figure 8-3: Flux (a) and luminosity (b) limits for HD 80606 (reproduced from Chapter
5, Figure 5-16). Red downward triangles represent limits from VLA measurements
by Lazio et al. (2010) [170], green downward triangles represent limits derived from

survey data (Chapter 3), and the blue downward triangle represents the limit obtained
from LOFAR data as described in Chapter 5.

Looking to the future, Chapter 6 describes an exciting newly discovered multi-
planet system, TRAPPIST-1, that offers the best opportunity to date to constrain
the magnetic fields of small, Earth-sized planets. Detecting the Earth’s magnetic field
scaled to the distance of TRAPPIST-1, is difficult; perhaps impossible (see Section
8.3.2). The alternative is to detect planetary magnetic fields indirectly via planet-
induced modulation of stellar radio emission. This Io-Jupiter type interaction seems
plausible for the inner two TRAPPIST-1 planets (b, ¢) and has several advantages
for observations. The radio emission that must be detected is the star’s rather than
the planet’s, so it is likely to appear at higher frequencies due to the strong magnetic

field of the star (Eq. 1.1). The phases at which planet-modulated/enhanced stellar
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emission is most likely to be visible from Earth are also predictable, leading to another
orbital phase targeting strategy developed in this work. The observation strategy
developed for the TRAPPIST-1 system is also applicable to other M dwarf planetary
systems, especially active M dwarfs with strong magnetic fields. Chapter 6 also lays
the groundwork for thermal evolution modeling that can be used to make testable
predictions about which planets are likely to have thermally driven dynamos in their
cores. If radio detections of exoplanets (or limits) are to be useful, they should be
used to constrain interior models and to extract information about the structure and
history of the planet. This is a major area of future work in this field.

The future of low frequency radio instrumentation is explored in Chapter 7. The
highly capable vector sensor is introduced as an alternative array element to the
traditional crossed dipoles. The key contribution in Section 7.3 is the development and
testing (in simulation and the field) of all-sky imaging algorithms for a single vector
sensor that can be applied to astronomical observations. Chapter 7 also describes a
proposed space mission using the vector sensor that will both perform novel tracking of
solar radio bursts as they traverse the heliosphere and will serve as a pathfinder toward

larger space-based low frequency interferometers applicable to exoplanet searches.

8.2 Limitations of upper limits

The flux and luminosity upper limits presented here, though the best available for
most objects studied, are limited in several important ways. Note that non-detections
in radio are translated into upper limits on planetary magnetic field (as in Figure 8-4)
by assuming that the reason for the non-detection is that the observing frequency is
above the cut-off frequency of the planet’s CMI emission. Flux and luminosity limits,
on the other hand, require no such assumption and simply state an upper limit on
radio flux from a region around an exoplanetary system.

First, upper limits on radio emission (and magnetic field) are valid only during
the observations(s). Assuming exoplanetary radio emission is similar to Solar System

planetary radio emission (or even brown dwarf radio emission), it is expected to
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be highly variable in time. A non-detection and resulting limit do not conclusively
rule out radio emission from the observed system; only continuous monitoring over
months to years with high sensitivity can provide a truly constraining limit on radio
emission from nearby systems. The combination of high sensitivity and continuous
temporal monitoring is not possible with current instruments due to both demands for
observing time for other applications and their Earthbound nature — sources cannot
be observed when they are below the horizon. Until a high sensitivity space-based
array exists, or there are multiple high sensitivity ground-based telescopes distributed
in both longitude and latitude, all limits on exoplanetary radio emission will come

with the temporal variability caveat.

The second limitation is sensitivity. Figure 8-4 (a) plots all available limits and
detections of exoplanets, brown dwarfs and late M dwarfs against mass and average
magnetic field. Both the size and color of the symbols indicates how constraining
the limit is in terms of Jovian luminosity; larger, lighter colored symbols indicate
poorer constraints. The problem is particularly acute for exoplanet systems that are
far away, highlighting the need to focus on nearby systems in order to generate the
most meaningful limits. Only for nearby systems (or high frequency, were planetary
emission is less likely) do the available limits approach Jovian luminosity. A limit
that is many orders of magnitude above Jupiter’s luminosity constrains the most ex-
treme scenarios for exoplanetary radio emission, but cannot rule out Solar System-like
exoplanetary magnetic fields and radio emission. While longer observations and/or
stacking many observations can increase sensitivity and therefore improve limits in the
case of non-detection, existing arrays are limited at low frequencies either by inability
to completely calibrate for ionospheric effects or confusion. The SKA1l-Low will be
a major step forward in sensitivity and should provide constraints on exoplanetary

radio emission for scenarios more closely resembling Solar System planets.

Comparing existing limits to Jovian luminosity is imperfect as well. Comparing
non-detection luminosity limits to Jovian luminosity is valid in the regime where
the emission mechanism of the planet being observed is expected to be the same

as Jupiter’s radio emission mechanism (CMI at low frequencies). This assumption
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Figure 8-4: Limits on exoplanet magnetic fields via radio observation from literature
(a) and chapters 3, 4, 5 of this work (b). The size and color of the limit/detection
symbol indicates how constraining it is in terms of Jovian luminosity. Larger, lighter
symbols indicate less constraining limits. Solar System planet magnetic fields are
shown for comparison. A sample of brown dwarfs and late M dwarfs with measured
magnetic fields are included for context as star symbols. Lower limit symbols (upward
triangles) indicate a detection of radio emission from a system, but not a detection of
the cut-off frequency. The limits from exoplanet radio observation campaigns shown
here are listed in Table 1.3.2. Limits from an MWA exoplanet survey [209] are also
included, as well as brown dwarf/M dwarf limits from [149] and [127] and references



may indeed be valid for brown dwarfs [127], though it is unclear how far up the H-R
diagram that assumption holds, and whether it is valid for all brown dwarfs. Jupiter’s
CMI radio emission cuts off sharply above ~40 MHz (Figure 1-3), so comparing Jovian
luminosity to limits from higher frequency observations is perhaps not ideal. Until
the luminosity of a planet more massive than Jupiter, but not yet a brown dwarf, is

measured, however, there is little else to use for context and comparison.

Finally, there is the problem of multiple potential radio emitters in a single stellar
system. The host star, stellar companions, and sub-stellar (planetary) objects are
capable of producing radio emission by the CMI or other mechanism. Non-detection
limits, therefore, apply to all bodies in a stellar system since low frequency telescopes
do not have the angular resolution to separate host stars from their planets. Figure 8-4
contains one symbol for each planet in a stellar system, with the limit for each derived
from the same observation. Non-detections are not planet-specific, but there is hope
that detections could be. Temporal modulation will be key to determining which
body in a stellar system is the source of detected radio emission (see Section 2.2.2).
Only with a positive detection can an upper limit (or magnetic field measurement if

the cut-off is detected) be assigned to a specific exoplanet or star.

One positive feature of radio observations compared to optical measurements is
that background sources are much less likely to contaminate observations of nearby
exoplanetary systems. Exoplanetary radio observations are focused on 1) detecting
flux from the position of a known star and 2) using temporal modulation of the
signal to determine whether it originates from the star or a planet in the system.
Background radio sources are much less likely to be variable than stars at visible/IR,
wavelengths. This is because the vast majority of background radio sources are extra-
galactic and effectively constant on short timescales. Foreground sources, like radio
emitting stars or supernovae remnants, are rare compared to background stars in
visible light. Background radio stars are unlikely to contribute significantly even if
they are near the target system since distance dilution will significantly attenuate
their flux. Confusion-limited instruments have a constant background level that lim-

its sensitivity, but the fact that the background is constant is a boon to the search
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for bursty exoplanetary radio emission.

8.3 The Path Forward

No radio exoplanet detections were made in this work despite using a wide range of
observing strategies, instruments, and data reduction techniques. The non-detections
presented here highlight the magnitude of the challenge that exoplanetary radio emis-
sion presents. The difficulties presented by the ionosphere alone beg the question:
should we give up on ground-based radio exoplanet searches and focus solely on
space? The conclusion from this work is: not yet. One key reason not to give up on
ground-based observations just yet is that low-frequency radio astronomy appears to
be experiencing a Renaissance, at least as measured by the construction and planning
of new observatories. The SKA-Low in particular is very promising if the state of
the art in ionospheric calibration is sufficiently advanced to reach near-thermal noise

levels.

Another promising avenue for ground-based observation is searching for star-
planet interaction, using lo-Jupiter as a model. Nearby stars with known planets,
like TRAPPIST-1, Prox Cen, GJ 411, and Luyten’s Star are prime targets for or-
bital phase targeted observations. More planets around nearby stars are likely to be
discovered in the near future. Radio stars have been detected since the early days
of radio astronomy, so searching for periodic modulation in stellar radio emission
that matches a known planetary period is not a large leap from current capabilities.
The difficulty is obtaining sufficient observing time to detect such periodicity. Orbital
phase targeting, modeled after the observing strategy for TRAPPIST-1, is one option

for optimizing scarce observing resources.
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8.3.1 Optimal Observing Strategy for Radio Detection of Ex-

oplanets

The frequency, intensity, timing, and duration of exoplanetary radio emission (or
planet-modulated stellar emission) are difficult to predict. The ideal ground-based
observing program would therefore need to cover a wide range of frequencies (30 MHz
to ~10 GHz for planetary through stellar emission) and would continuously monitor
the entire sky (or at least the n nearest stars) with very high sensitivity. Such a
program would have no chance of missing an event due to temporal or frequency

coverage gaps; it would be limited only by sensitivity.

Such a campaign is, of course, not possible for a number of reasons. Continu-
ous frequency coverage over several decades would require multiple telescopes since
technical requirements for telescope design vary widely over that range. LOFAR, an
instrument designed for low frequencies, cannot observe efficiently at GHz frequen-
cies just as the VLA, designed for GHz+ frequencies, is inefficient and insensitive
at LOFAR frequencies. Primary element beam width shrinks when switching from
dipoles to dishes for higher frequencies (and continues to shrink as A/D as frequency
increases), making continuous all-sky (or all-hemisphere) coverage at high frequencies
impossible. Even continuous frequency observations are not possible at high frequen-
cies since all the needed receivers cannot be at the telescope’s focus at the same time.
Finally, most large, highly sensitive telescopes have many users and cannot dedicate

all of their observing time to a single science goal.

Clearly, low frequency telescopes are better suited to continuous, wideband, all-
sky /hemisphere monitoring than higher frequency dish-based telescopes. Fully cross-
correlated arrays which can image the full primary beam of the antenna element
(usually a dipole) are ideal. Data and computational volumes increase rapidly with
the number of antennas, but a large number of antennas are required for high sensitiv-
ity. It is for this reason that the largest existing and planned low frequency arrays are
hierarchical, beamforming a modest number of antennas into stations with narrower

primary beams than their constituent dipoles and then cross-correlating a manage-
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able number of stations. Only the relatively small (in number of dipoles) LWA and
OVRO LWA are fully cross-correlated all-sky imaging arrays.

All-sky survey telescopes like the OVRO LWA? (Hallinan 2014 [126], see also [5])
are critical in the search for exoplanetary radio emission. Targeted observations,
though potentially more sensitive if conducted with larger telescopes, are blind to
most of the sky. Given the very faint signal from average or quiescent Jovian emission
at even a few pc (Figure 4-1), there is a better chance of detecting a nearby planet
when it experiences a radio burst and briefly increases in brightness by an order of
magnitude or more. Bright bursts, often caused by a massive, fast stellar CME hitting
the planetary magnetosphere (Section 1.2.3), are rare. The best way to increase the
chance of catching one of these rare events is to monitor the whole sky continuously.
The increase in sky area that can be monitored offsets the reduced sensitivity of a
smaller telescope. All-sky monitoring therefore has a good chance of producing the
all-important first detection of a radio exoplanet.

The advantages and limitations of current and planned low frequency telescopes

suggest the following strategic considerations for exoplanet observations:

1. The most sensitive available telescopes should be used (currently LOFAR, even-
tually SKA-Low) to maximize the opportunity to detect exoplanetary radio

emission in the targeted observation regime.

2. The design of large low frequency telescopes like LOFAR require targeted obser-
vations of finite duration. The closest stars should be targeted since they offer
the best chance of detecting a Jupiter-like flux from an exoplanet (see Figure

4-1).

3. Exoplanets are common, so even nearby systems without currently known exo-

planets should be targeted.

4. Systems with known planets should be prioritized, however, since orbital tar-

geting optimizes observing time.

Zhttp:/ /www.tauceti.caltech.edu/LWA /
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5. Observations should last as long as is practical given the target elevation. Cir-
cumpolar targets that stay higher than ~30 degrees elevation at all times are
most valuable since these targets can be observed for as long as the telescope

time allocation committee will permit.

6. The exoplanet community should advocate for and support large, fully cross-
correlated all-sky imaging low frequency telescopes; an expansion of the OVRO

LWA concept with enhanced sensitivity® is ideal for radio exoplanet searches.

Higher frequencies (>500 MHz), can only practically be used for either follow-up
once a detection is made at low frequency or smaller, targeted surveys with non-
continuous temporal coverage (preferably simultaneous with lower frequency obser-
vations). One niche where high frequency observations are valuable is the search for
star-planet interaction in known exoplanet systems. In this case, it is the modulated
stellar emission that we hope to detect, not exoplanetary radio emission directly. Most
stars, especially M-dwarfs, have stronger magnetic fields than Solar System planets,
so they will emit at higher frequencies than planets. The high sensitivity and relative
ease of data reduction at higher frequencies are boons to the search for exoplanetary
modulation of stellar radio emission (see Section 1.2.4 and Chapter 6). Observations
searching for star-planet interaction should take advantage of orbital targeting while
also maximizing the length of each individual observation within the constraints of
telescope oversubscription and target elevation. High frequency observations are also
useful for detecting stellar flare activity and using it to characterize the interplanetary
environment around known planets.

While high frequency observations are optimal primarily for either follow-up or
orbital targeting of known systems expected to show star-planet interaction, occa-
sional ‘blind’ observations of the nearest stars are valuable for seeking the unexpected.
Longer observations than the ~5 minute scans used in Chapter 4 are preferred, even

if the number of observations must be reduced in compensation. Only very nearby

30ne important caveat is that a larger (in physical extent and number of elements) OVRO LWA
will require advanced ionospheric measurement and calibration since it will fall solidly into Lonsdale
regime 4 (see Figure 2-4).
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stars should be observed in this ‘blind” manner to maximize the chance of detecting
something and avoiding the waste of valuable telescope time. There are only 54 stel-
lar systems within 5 pc, and only ~30 of those are north of -10° declination, so it is
indeed feasible to survey nearby stars ‘blindly’ over a period of several years.

The above discussion focused on ground-based arrays only. Any future space-based
array should be a fully cross-correlated imaging array and will have the advantage
of observing the full celestial sphere. Such an array should cover a wide bandwidth
that spans the lowest practical frequency given scattering/broadening (see Section
8.3.3) to a high frequency that overlaps with ground-based instruments (perhaps 30
MHz). The low data rates implied by very low frequencies (relative to higher fre-
quency ground-based arrays) should allow near-continuous temporal coverage and
full frequency coverage across the band described above. A space-based array, as-
suming it has enough elements to be sufficiently sensitive, meets nearly all of the
wishlist criteria described at the beginning of this section. Coordinated observations
with ground-based telescopes whenever possible would fully optimize exoplanetary

radio observations with a space-based low frequency telescope.

8.3.2 Requirements to Detect Earth- and Jupiter-Analogs in
the Solar Neighborhood

Detecting exoplanetary radio emission with existing ground-based instruments re-
quires that exoplanets are different from Solar System planets in at least one of the

following ways:

1. Magnetic field stronger than Jupiter so that radio emission can be detected at

higher frequencies where there is higher sensitivity

2. Radio flux is enhanced relative to Jovian flux by stronger forcing from the solar

wind

In order to quantify what is required to detect Earth or Jovian analogs in the Solar

neighborhood (defined here as 5 pc), it is best to avoid invoking any of the special
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conditions above and simply scale the known flux of Earth or Jupiter to 5 pc and derive
requirements from those values. Using simple scaling to set requirements ensures that

observations will be complete at least to the level of known Solar System planets.

Jupiter’s flux scaled to 5 pc is 10 pJy. Earth’s radio flux is a factor of ~10 lower
than Jupiter’s (see Figure 1-2), so the Earth’s flux at 10 pc is ~1 pJy. Following the
sensitivity calculation in Jester & Falcke (2009), Figure 4 [145], an array of 5x10°
crossed dipoles (or other electrically small, non-resonant antenna) is required to detect
Jupiter (1-0) at 5 pc and 5x10° are required to detect the Earth at the same distance.
Even with a more sophisticated antenna like the vector sensor reducing those numbers

by a factor of two, a formidable array is required to detect planets out to 5 pc.

Though the numbers are daunting, it is important to note that the SKA is aiming
for similar numbers of antennas (2.5x10° for SKA1-Low). SKAl-Low, with a min-
imum observing frequency of 50 MHz, should be capable of detecting planets with
magnetic fields just slightly stronger than Jupiter’s within 5 pc [335] Whether or not
the SKA1-Low detects exoplanets, lessons learned and techniques developed will pave
the way for the massive space-based array needed to fully explore exoplanetary radio

emission in the solar neighborhood.

The high hurdles to direct detection of Earth-like (or even Jupiter-like) radio
emissions from exoplanets themselves suggest that the indirect detection approach
(star-planet interaction) should be pursued vigorously. In the indirect case, it is the
star’s radio emission that is detected, not the planet’s. Stars have stronger magnetic
fields than (known) planets, and therefore emit at higher frequencies that suffer less
from scattering. Stellar radio flux is generally higher as well (Ross 614’s flux is >100x
Jupiter’s). These factors make indirect detection of exoplanetary magnetic fields the

most promising path forward.
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8.3.3 Fundamental Limitations for Ground- and Space-Based

Radio Exoplanet Observations

Ground-based observations are fundamentally limited by the ionospheric cut-off fre-
quency (see Section 1.2.1). For most of the Earth, most of the time, the ionospheric
cut-off frequency ranges from 10-30 MHz. The ionospheric cut-off is typically lowest
above the auroral ovals, near the poles. There are significant difficulties, however, in
building and operating large radio arrays in the arctic/antarctic region, so practical
ground-based telescopes are practically limited to a minimum observing frequency
of ~20 MHz. Observations at 20-30 MHz (and even above) are severely impacted
by the ionosphere (see Section 2.5) due to scintillation, refraction, and scattering.
Ground-based low frequency observatories can only approach their theoretical ther-
mal noise sensitivity limit if extensive ionospheric monitoring and calibration are
employed. LOFAR, the largest interferometer operating at 20-30+ MHz, has not
yet approached its theoretical sensitivity limit due to ionospheric effects, so more
work is required before ground-based radio telescopes can perform optimally near the
ionospheric cut-off. Future low frequency telescopes like SKA1-Low should be very

carefully designed to ensure that ionospheric effects can be mitigated.

For space-based low frequency radio observatories, are additional challenges be-
yond the sheer number of antennas required (see Section 8.3.2) and associated cost
and complexity. First, the sky background noise due to galactic synchrotron emission
peaks at 2 MHz. Earth-like magnetic fields will have their strongest auroral radio
emission near 1-2 MHz, which is an unfortunate cosmic coincidence. Antennas with
some directionality and/or nulling capability, like the vector sensor, will be helpful in
the 1-2 MHz range because they can null towards the galactic center, cutting down

on sky noise significantly.

At frequencies below 1 MHz, the interplanetary and interstellar medium begin to
cause problems similar to ionospheric effects, but without the fast time variability.
The ISM/TPM scatters, absorbs, and temporally/spatially broadens emission passing

through it, with effects that get worse as the frequency of the radiation passing
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through the medium approaches the plasma frequency of the medium. Scattering
in the IPM/ISM will limit the longest useful baseline for a space-based array, which

effectively limits the sensitivity because it sets the confusion limit.

Confusion is the condition where unresolved background sources below the detec-
tion threshold of the instrument set a noise floor above the theoretical thermal noise
floor. For a confusion-limited instrument, longer integration times will not improve
sensitivity beyond the confusion limit. The cure for confusion is to increase resolu-
tion, but scattering in the ISM/IPM will limit the benefit or longer baselines/higher
resolution. In summary, if scattering in the ISM is as predicted, there is some fixed
number of antennas beyond which adding more will not improve sensitivity any fur-
ther at a given frequency. Exactly where this breakpoint occurs depends strongly on
the actual scattering properties of the ISM, which are currently poorly constrained at
low frequencies. HeRO (or a similar small low frequency space-based interferometer)
may be able to contribute to refining our understanding of ISM/IPM properties at
currently unexplored frequencies. See Jester & Falcke (2009), sections 2.4, 2.5 [145]

for further discussion about IPM/ISM scattering and confusion.

All hope of detecting radio exoplanets with solar system-like magnetic fields is not
lost, however. The very closest planets, like Proxima Centauri b [6] may rise above the
scattering-enforced confusion limit. Also, the calculations above do not take strong
bursts into account. Planetary radio bursts driven by solar weather can temporarily
increase flux by several orders of magnitude. The benefits of bursts point toward an
all-sky monitoring strategy for a space-based array, much like the OVRO LWA planet
monitoring campaign [5]. Vector sensors are well suited to all sky monitoring, as are

crossed dipoles or tripoles.

Finally, the free-free optical depth of ISM plasma goes to 1 within a few pc at
very low frequencies (<100 kHz) [145]. This limits how far out into the galaxy a
low frequency space-based instrument could ‘see’. It will likely imposes strong limits
on the detectability of magnetic fields weaker than the Earth’s with peak emission
frequencies below 1 MHz. It will also limit the ability to map out the low frequency

spectrum of planets with Earth-like magnetic fields; the ISM will cut off the low
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frequency end of the spectrum.

8.3.4 Steps Toward Detailed Characterization of an Exoplan-
etary Magnetic Field

Progress in direct exoplanetary radio detection and magnetic field measurement will

likely follow a path similar to that of brown dwarf radio observations.

Step 1: Initial radio detection sets lower bounds on magnetic field strength if no

cut-off frequency is detected.

Step 2: Follow-up studies with longer temporal coverage reveal properties like
rotation period via repeating pulses of radio emission. Observations at different fre-
quencies from the original detection may be needed to find the cut-off frequency and

thereby measure the magnetic field strength of the planet/brown dwarf.

Step 3: Long term monitoring over months to years is then required to determine
whether the rotation period measured is consistent and therefore definitely due to
planetary rotation. Long term monitoring of the timing and polarization of radio
pulses could reveal the topology of the magnetic field as well (dipolar vs. multipolar).
Photometric/spectroscopic measurements of the host star’s rotation period are critical

to isolating the planetary rotation signature from any stellar contribution.

Step 4: A detailed study of polarization as a function of time and frequency
as described by Hess & Zarka (2011) [135] (see Section 1.3.1). Detailed magnetic
field characterization via polarimetric dynamic spectra will require higher sensitivity
than initial detections because the exoplanetary radio emission must be detected (or
detectable) in each time-frequency-polarization cell. Previous steps, especially step
1, can take advantage of binning in time and frequency to improve signal to noise,

but this step requires at least an order of magnitude increase in sensitivity.
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8.4 Final Thoughts

This field needs an unambiguous detection in order to move forward. Once an exo-
planetary magnetic field is detected, either directly or indirectly through star-planet
interaction, the field will blossom. This has happened before, notably with the first
detection of an exoplanet around a Sun-like star [192] and more recently for gravi-
tational waves [1] and multi-messenger astronomy [2]|. Like exoplanet detection and
gravitational waves, detecting the first radio exoplanet will require a sustained, dogged
effort. The steps outlined in Section 8.3.1, based on the best available theory and
observational experience, are designed to optimize the chance of making that critical
first detection. Once the first detection is made, larger observing programs using
ground-based telescopes, as well as steps toward a “Bg,+,” capable space-based tele-

scope, will become more feasible.
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Appendix A

List of Acronyms

AAVSO
ADC
AGI
AKR
ALMA
AO
ASTRON
AU
AWS
CASA
CMB
CME
CMI
DAM
DEBRIS

DI
DEVS

American Association of Variable Star Observers
Analog-to-Digital Converter

Analytical Graphics, Inc. (maker of STK)
Auroral Kilometric Radiation (same as TKR)
Atacama Large Millimeter /submillimeter Array
Adaptive Optics

Netherlands Institute for Radio Astronomy
Astronomical Unit

Amazon Web Services

Common Astronomy Software Applications [194]
Core-Mantle Boundary

Coronal Mass Ejection

Cyclotron Maser Instability [52]

Decametric

Disc Emission via a Bias-free Reconnaissance

in the Infrared/Submillimetre

Dynamo Index

Deployable Vector Sensor
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DIM Decimetric

EM Electromagnetic

EMI Electromagnetic Interference

EMVS Electromagnetic Vector Sensor

EUV Extreme Ultraviolet

FIRST Faint Images of the Radio Sky at Twenty cm [19]
FITS Flexible Image Transport System

FOV Field of View

FX

GB Gigabyte

GCR Galactic Cosmic Rays

GEO Geosynchronous (orbit)

GLEAM Glactic and Extragalacitc All-sky MWA (Survey) [307]
GMRT Giant Metrewave Radio Telescope [164]
GPS Global Positioning System

HBA High Band Array (LOFAR)

HD Henry Draper (catalog) [46]

HeRO Helosphysics Radio Observer

IPM Interplanetary Medium

IR Infrared

IRTF Infrared Telescope Facility

ISM Interstellar Medium

LBA Low Band Array (LOFAR)

LHCP Left Hand Circularly Polarized

LNA Low Noise Amplifier

LOFAR Low Frequency Array [65]

LoSoTo LOFAR Solutions Tool

LTA Long Term Archive (LOFAR)

LWA Long Wavelength Array [82]
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MFS
MS
MSSS
MWA
NDPPP
NIST
NKR
NRAO
NRL
NVSS
OVRO LWA
pcC

PI

PiLL
PSF

PT
PyBDSM

PyBDSF
RAE-2
RAPID
RFI
RHCP
RMS
ROSAT
SB
S-GEO
SEFD
SEP

Multi-frequency Synthesis

Measurement Set

Multifrequency Snapshot Sky Survey [132]
Murchison Widefield Array [179]

New Default Pre-Processing Pipeline (LOFAR)
National Institute of Standards and Technology
Neptunian Kilometric Radiation

National Radio Astronomy Observatory

Naval Research Laboratory

NRAO VLA Sky Survey [55]

Owens Valley Radio Observatory Long Wavelength Array [126]
parsec

Principal Investigator

Pipeline for LOFAR LBA

Point Spread Function

Plate Tectonics

Python Blob Detection and Source Detector
(earlier name of PyBDSF)

Python Blob Detection and Source Finder [198]
Radio Astronomy Explorer-2 ||

Radio Array of Portable Interferometric Detectors [177]
Radio Frequency Interference

Right Hand Circularly Polarized

Root Mean Square

Rntgensatellit

Sub-band

Skewed Geosynchronous (orbit)

System Equivalent Flux Density

Solar Energetic Particles
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SINR
SKA
SKALA
SKR
SIMBAD

SL

SNR
SPAM
SSD
STEREO
STK

T1

TAC

TB

TEC
TGSS
TGSS ADR1
TKR
TFIR
TRAPPIST
TTV
UKIDSS
UKR
UGPS
uv

VLA
VLBA
VLBI

Signal-to-Interference plus Noise Ratio

Square Kilometre Array [73]

SKA Log-periodic Antenna [62]

Saturnian Kilometric Radiation

Set of Identifications, Measurements and
Bibliography for Astronomical Data [310]
Stagnant Lid

Signal-to-Noise Ratio

Source Peeling and Atmosphere Modeling [139]
Solid State Disk

Solar Terrestrial Relations Observatory [148]
System Tool Kit

TRAPPIST-1 abbrv.

Time Allocation Committee

Terabyte

Total Electron Content

TFIR GMRT Sky Survey [265]

TGSS Alternative Data Release 1 [140]
Terrestria Kilometric Radiation (same as AKR)
Tata Institute of Fundamental Research
Transiting Planets and Planetesimals Small Telescope
Transit Timing Variations

United Kingdom Infrared Telescope Deep Sky Survey
Uranian Kilometric Radiation

UKIDSS Galactic Plane Survey [181]
Ultraviolet

Very Large Array

Very Long Baseline Array

Very Long Baseline Interferometry
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VLITE
VLSS
VLSSr
VO

VS
WSClean
WSRT
XUV
ZDI

VLA Low Band Ionospheric and Transient Experiment [234]
VLA Low-frequency Sky Survey

VLA Low-frequency Sky Survey redux [166]

Virtual Observatory

Vector Sensor

W-Stacking CLEAN [223]

Westerbork Synthesis Radio Telescope

X-ray/UV

Zeeman Doppler Imaging
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