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ABSTRACT

Time domain radio astronomy is on the cusp of a revolution. This is particularly
true at low radio frequencies, where wide-field arrays are conducting deeper surveys
than ever before, in pursuit of elusive transient phenomena. This thesis has opened
an unprecedented window on the dynamic radio sky, spanning a wide range in
frequency — from MHz to GHz — and a wide range of phenomena — from searches
for coherent radio bursts indicative of coronal mass ejections from nearby stars, to
the detection of incoherent synchrotron emission from an outflow associated with

the tidal disruption of a star by a supermassive black hole at the center of a galaxy.

A significant part of this work has involved the building of the Owens Valley
Radio Observatory Long Wavelength Array (OVRO-LWA), a uniquely powerful
radio telescope, with the ability to image the entire viewable sky at a 10 second
cadence and across nearly 60 MHz of bandwidth. With the OVRO-LWA, I have
developed the methods and techniques necessary for pushing further into unexplored
regions of radio transient phase space, in the pursuit of sources of radio emission
that provide unique insight into various astrophysical phenomena. This includes
the follow-up of gravitational wave events in order to search for the signatures of
prompt, coherent radio emission associated with compact object mergers, as well
as targeted searches for stellar and exoplanetary radio emission as a means of better

understanding planetary habitability.
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Radiometric Bode’s law, relating the output planetary radio power
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bodies in the solar system, and extrapolated up to hot Jupiters for the
case of power provided by the stellar wind—planet magnetospheric
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The power in Earth’s auroral kilometric radiation (AKR) as a function
of incident stellar wind speed (top), from Gallagher and Dangelo
1981, and a histogram of the probability distribution of solar wind
speeds from Li, Zhanng, and Feng 2016. The implication is that radio
emission from an exoplanet may brighten significantly relative to the
steady state power, motivating the monitoring of a large number
of exoplanets for extended periods to catch transient increases in
planetary radio flux from temporary increases in stellar wind speed.
Figure 5 of Gallagher and Dangelo 1981 reprinted with permission
from the American Geophysical Union. Figure 2 of Li, Zhanng, and
Feng 2016 reprinted with permission from AAS. . . . . . ... ...
The relationship seen for the Sun between measured CME mass and
associated X-ray flare flux. The two quantities show a power-law
scaling relation on either side of the "knee". The hatched region
denotes the flare fluxes observed from young, active stars. A major
open question is whether this Solar CME-flare flux relation can be
reliably extrapolated into the region of highest flare flux from active
stars. Figure 15 of Aarnio et al. 2011 reproduced with permission
from Springer. . . . . .. ...
A photograph of the OVRO-LWA, taken from within the 251-element
core, facing east towards the White Mountains. On the west side of
the array is the Sierra Nevadas. The radio observatory’s placement
within the Owens Valley, shielded on either side by two large moun-
tain ranges, creates a comparatively clean RFI environment. The
predominant sources of RFI are the FM band above 88 MHz, short

wave reflecting off the ionosphere below 25 MHz, and RFI associated

with power-lines running along the valley that is broad-band in nature.

The Stage I OVRO-LWA. Map of antenna locations in the core (top
left), the corresponding uv coverage (top right), the point spread
function (PSF) using a Briggs robust weighting of 0 (bottom right),
and an all-sky image from the Stage I array (bottom left). . . . . . . .
The Stage II OVRO-LWA. Map of antenna locations in the core and
LBDA (top left), the corresponding uv coverage (top right), the PSF
using a Briggs robust weighting of 0 (bottom right), and an all-sky
image from the Stage II array (bottom left). . . . .. ... ... ...
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Dynamic spectrum from the OVRO-LWA site taken with a spectrum
analyzer hooked up to an LWA antenna, across 12 h, as part of an RFI
survey that was conducted in 2013. The diurnal variation in the HF

interference is visible at the bottom of the band. The observing band

is relatively clean of RFI (middle 3 panels). . . . . . ... ... ...

Dynamic spectrum taken at approximately 1 h intervals for a power

line RFI source across approximately 100 hours. . . . . . . ... ..

OVRO-LWA system diagram, showing the signal path from the an-
tennas into the electronics shelter, and through the analog signal path
(ASP) and digital signal path (DSP) racks. Core antenna signals (2
signal paths per antenna, for the X and Y polarizations) are trans-
ported via coaxial cable to the electronics shelter. LBDA antenna
signals first pass through a junction box to convert the signal from
radio to optical fiber for transport to the electronics shelter. There
are 4 analog receiver (ARX) boards (16 signal paths per board) in the
ASP rack that are specially equipped with daughter boards designed
to handle the fiber connections from the long baseline antennas. All

data storage and processing is done on site in the All Sky Transient

Monitor (ASTM). . . . . . . .

Schematic of the standard imaging pipelines: calibration, imaging,
and science pipelines. Data are streamed from the LEDA correla-
tor to the ASTM for processing and long-term storage on the Lustre
filesystem. Each of the 22 LEDA GPUs processes a single sub-band
(2.6 MHz), which are sent to the ASTM and stored in the dada file
format. The first processing step is to convert from dada to CASA
measurement set (MS) table format. The pipeline steps in red de-
note data editing including flagging of visibilities and any necessary
swapping of correlation products due to switching of antenna polar-
izations somewhere along the signal path. Blue denotes calibration,

green denotes imaging, and black denotes each science-specific data

reduction pipeline. . . . . . .. ... Lo oL
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Median antenna power spectrum (across all 512 signals) from 2019
March 05. The science band is between approximately 28—-86 MHz.
The out-of-band RFI due to the HF and FM bands is apparent im-
mediately above and below the science band. The FFT sampling
frequency spike is at 196.608/4 MHz. The shape of the spectrum
reflects a combination of the antenna frequency response, Galactic
sky emission (T o y~25 ), and ARX filtering at the bottom third of
theband. . . . . .. ...
The identification of LBDA antennas with X-Y polarizations that
have been switched (marked in pink). Antennas with this issue are
automatically identified through the relative median visibility ampli-
tudes (taken for all baselines that include a given antenna) between
the 2 co- (XX, YY) and cross-polarizations (XY, YX). Because the
sky is dominated by unpolarized emission, the XX and YY correla-
tions should always contain more power. Antennas with higher XY
and YX correlations indicates these actually correspond to XX and
YY, and that somewhere along the signal path between antenna and
input to the correlator, the X and Y signals were switched. . . . . . .
Snapshot, full bandwidth images taken in 2016 (left) and 2017 (right),
highlighting the significant improvements made with the array in
the intervening year. These improvements were largely due to the
localization and subsequent removal of the source of RFI to the south-
west of the array (associated with sparking power lines and visible in
the image on the left as an extended source on the south-west horizon),
the identification of cross-talk between adjacent signal paths, and the
identification of LBDA antennas with swapped polarizations. The
result of these fixes is significantly improved noise and lower sidelobe
artifacts. . . . . . ..o
Ludwig’s 2nd (left) and 3rd (right) coordinate systems. See also
Figure 1 of Ludwig 1973. . . . . . . . . .. .. ... ... ...,
Simulated maps for the real and imaginary components of the far-
field voltage pattern of a single LWA dipole in Ludwig’s 2nd (Eg, Ey)
coordinate system. . . . . . . . . ...
Simulated maps for the real and imaginary components of the far-
field voltage pattern of a single LWA dipole in Ludwig’s 3rd (E.,,
Ecx) coordinate system. . . . . . . ... ...
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Simulated LWA dipole beam at 47 MHz, in Ludwig’s 3rd coordinate
system. The top left panel shows the power in the two linear polariza-
tions, P, and Py, for cuts through the beam at angles of 0°, 45°, and
90° azimuth. The corresponding antenna Stokes beams are shown at
different azimuth slices in the remaining 3 panels. . . . . . . . .. ..
LWA full Stokes beam maps. The color scale shows normalized gain
values, set to 1 at zenith in Stokes I. The maps are derived using
Equation 2.5, and assuming a uniformly illuminated unpolarized sky.
Left panel is a 13 s, full-band snapshot OVRO-LWA image corre-
sponding to the time of the GRB detection by Swift, at 02:02:05 UT.
The center of the image is zenith and the border of the image is
the horizon line. The extended emission cutting across the top half
of the image is predominantly synchrotron emission from our own
galaxy. Cas A and Cyg A have been peeled from this integration.
There are roughly 10,000 point sources in this 13 s image. The noise
at zenith is approximately 800 mJy. The square box at 35° eleva-
tion in the southwest of the image corresponds to the right panel,
which shows a 10° x 10° box, centered on the location of 170112A
at (R.A., decl.) = (01"00™55%.7, —17°13’57”.9). VLSS J0108.2-1604
and VLSS J0102.6-2152 are also labeled. . . . . . .. ... ... ..
Flux density at the position of short GRB 170112A in each 13s
integration for the dedispersed time series using a DM of 260 pc cm >,
at 56 MHz with the full 57 MHz bandwidth (top), the bottom third
of the band centered at 37 MHz (second from top), the middle third
of the band at 56 MHz (third from top), and the top third of the
band at 75 MHz (bottom). The time series shows the full three-hour
observation, starting one hour prior to the Swift detection of 170112A
at ro = 0 (dashed line) and ending two hours later. The noise in each
band is 1.5]y, 3.6Jy, 2.2]Jy, and 1.9]Jy, respectively. We detect
no statistically significant emission on 13 s timescales indicative of
prompt radio emission associated with the short GRB, and place a

full band 30 upper flux limitof <4.5Jy. . . .. .. ... ... ...
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3.5

4.1

Dynamic spectrum measured at the position of GRB 170112A. The
data span 1 hr prior to and 2 hr following the gamma-ray emission,
at a time resolution of 13 s. The frequency channel width is 24 kHz,
with 2398 channels spanning 27.4 through 84.9 MHz. Some fre-

quency and time bins have been flagged due to RFI (e.g., integrations

surrounding 02:32:05 UTC). . . . . . . . ... .. ... ... .. ..

Dedispersed time series for every DM trial ranging from O to 1000 pc cm™

at 2.5 pccm™ intervals. The right panel shows the peak S/N in each
dedispersed time series as a function of DM trial. No time series
contains a peak S/N greater than our significance threshold. The
4.50 spike just below a DM of 200 pc cm™ is 2 DM channels wide,

and is due to spurious unflagged frequency channels. . . . . . . . ..

Top: flux density limits from all previous searches targeting prompt
coherent radio emission associated with GRBs. See also Table 3.2.
Surveys reporting limits at multiple frequencies show the correspond-
ing number of limits in the plot. Bottom: the 30 flux density lim-
its from the full 57 MHz band and the three 19 MHz subbands for
GRB 170112A, and the model-predicted flux densities from Table

3.1, scaled to the 13 texts integration time of these observations. . . .

Snapshot full-sky image from the OVRO-LWA at 2017-01-12 02:02:05
UTC, with dashed contours denoting lines of constant RA and dec
(top), and a cut through the primary beam at an azimuth of 0°,
comparing a simulated LWA dipole beam with ground screen to the
standard dipole approximation given by sin'®(6,;), as a function of
elevation angle (bottom). The beam model is symmetric, so that an
orthogonal cut through the beam at an azimuth of 90° would yield
an identical normalized gain pattern. The entire field-of-view down
to an elevation angle of 10° is searched in the transient pipeline. In
the snapshot image, zenith is located in the center, with the horizon
represented by the perimeter of the circle. The diffuse emission is
galactic synchrotron emission. In a single snapshot image, greater

than 2000 point sources are detected above the local 5o threshold

(see Section4.3). . . . . . ...
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4.2 Histogram of the noise, as measured from the pixels in the 15° region

4.3

surrounding zenith, in each difference image epoch, for all timescales
probed. The dashed lines show the mean value of the noise for each
timescale. . . . . . . ...
Example output from the hierarchical clustering algorithm, showing
transient candidates identified in the source extraction pipeline from
the difference image corresponding to the 13 s snapshot shown in
(top, left). All pixels identified above a 5o threshold in the region of
the difference image shown in (top, right) are hierarchically clustered
into individual sources, as shown visually in the dendrogram plot
(bottom). The dashed line denotes the cutoff distance threshold used,
above which all connecting nodes are disregarded and the clusters
formed below this threshold represent the number of distinct sources
identified in the difference image. In this example, there are 16
sources identified in the difference image, each of which is marked

in (top, right) witharedellipse. . . . . . .. ... ... ... ....
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4.4  An example output image from the transient pipeline. The subtracted

4.5

image in which the candidate transient source is detected (left). The
color scale on the image is from -4 to 4Jy. Black circles are cov-
ering sources that were detected in the source extraction pipeline
but are present in the OVRO-LWA source catalog. Transient candi-
dates without a catalog counterpart are labeled with their transient
pipeline source ID. Image cutouts at the location of the transient can-
didate show the subtracted image in which it was detected, as well
as the integrations which formed the subtracted image (right, top).
The source difference spectrum (right, middle) provides important
diagnostic information, particularly in the case of meteor reflections,
which is by far the most dominant non-astrophysical transient source
in the dataset, occurring at a rate of approximately 0.1s~!. The ver-
tical lines in the spectrum show the digital TV channel broadcast
bands which are observable from the OVRO-LWA. In this example,
the source spectrum is showing reflected Channel 3 TV broadcasts,
which spans 60—66 MHz. The pipeline also outputs metadata (right,
bottom) on the candidate transient source, including RA and dec,
azimuth and elevation, an approximate Gaussian fit to the source, the
source ID, the signal to noise with which the source was detected,
the peak flux (based on the approximate Gaussian fit), the number

of times this source was detected, and an automatically generated

classifierlabel. . . . . . . . . . . ...

Detection of an airplane in the transient pipeline. Airplanes are a
persistent contaminant in the transient pipeline, but are easily identi-
fied by their temporal, spectral, and image features. This plane was
detected to the north-west of the array, in the approximate direction
of Bishop Airport. In this example, the plane is detected through
both reflected RFI (digital broadcast bands in Channels 3 and 4) and
RFI that is generated by the plane itself (the peak at approximately

37T5MHz). . . . . ..
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4.6 Radio transient phase space plot, showing the transient surface den-

4.7

sity as a function of flux density limits and timescales probed, for this
and previous blind transient surveys (see Table 4.1 for an overview
of all surveys included in this plot). The surface density limits for
each survey are colored according to the timescale probed, covering
timescales as short as 5s (Obenberger et al. 2015b) to as long as 3
years (Murphy et al. 2017). This is a critical parameter, as surveys
providing surface density limits at comparable sensitivities may be
probing very different timescales and therefore very different regions
of phase space and potential transient populations. The same is true of
frequency. Surveys conducted below 100 MHz are marked with a cir-
cle, those between 100-200 MHz are marked with a square, and those
between 200-350 MHz with a triangle. All points on the plot denote
upper limits with the exception of the seven transient detections that
are marked in bold. The solid gray lines denote hypothetical tran-
sient populations under the generic assumption that the population is
a standard candle in a Euclidean universe, i.e., N(> S) oc S™7 where
N is the number density of sources, S is the flux density, and y = 3/2.
The limits (or detections) placed by transient surveys are necessarily
a combination of sensitivity and total area surveyed, and it is often the
case that tradeoffs must be made to improve one of these factors over
the other. The optimal combination of these two parameters (and
therefore how deep or wide a survey probes) depends on the goals of
the survey or the source population(s) it is targeting. Also shown in
this figure are the limits we expect to achieve with the OVRO-LWA in
future surveys, first with the 120-hour transient survey with the stage
II OVRO-LWA, and finally with the completed stage IIl OVRO-LWA
utilizing 1000 hours of data capable of achieving 150 mJy snapshot
sensitivity. . . . . ..o L
Probability of a null detection in the OVRO-LWA 31-hour survey of
the potential population indicated by the event detected by Stewart
et al. 2016, given their transient rate of 3.9 X 107447! deg'z, as
a function of the power-law luminosity distribution y and source

spectral index «, using Equation4.4. . . . ... ... ... .. ...
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5.1
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53

54

Surface density limits from the OVRO-LWA transient survey at 2 min
timescales, for a range of power-law luminosity distribution y. For
reference, the surface density for the transient detected by Stewart
et al. 2016, at a reported flux density of between 15-25Jy, and at
the flux density that same event would appear at in our survey for
a maximum intrinsic bandwidth of 195kHz (the bandwidth of the
survey by Stewartetal. 2016). . . . . . .. ... L.
Snapshot, full bandwidth image from the OVRO-LWA in Stokes I
total intensity (left) and Stokes V circular polarization (right). The
flux density colorscale in the Stokes I image is set from -23 to 47 Jy.
In the Stokes V image, it is set from -5 to 5Jy. The noise towards
zenith in the Stokes V image is approximately 450 mJy. The point
sources that are visible in the Stokes V image are not intrinsically
polarized, but are present due to instrumental leakage, however the
leakage is relatively minimal, and is at maximum at low elevations in
the beam at the 10% level. Cas A and Cyg A have been peeled from
all 4 correlation products (XX, XY, YX, YY).. . . . . ... ... ..
The 25-pc sample, containing 3820 objects. As expected, the sam-
ple is dominated by M dwarfs. Source are compiled from 1) the
Kirkpatrick et al. 2012 8-pc volume-limited sample; 2) the Dwarf
Archives database of Kirkpatrick et al. containing all known, spec-
troscopically determined L, T, and Y dwarfs; 3) the Gliese Catalog of
Nearby Stars, 3rd Edition; 4) the Sion et al. 2014 white dwarf 25-pc
sample; and 5) the M dwarf 25-pc sample c/o Evgenya Shkolnik. We
have excluded sources below —33° declination. . . . . . .. .. ...
Example light curves from a subset of the data, for the M6 flare star
UV Ceti, the K2 star Epsilon Eridani, and the K5+K7 system 61
Cygni. Typical noise is ~800mlJy. . . . . .. . ... ... ... ...
2-D sensitivity histogram for all M dwarf and earlier spectral type
systems targeted across the 31-hour dataset. The color of each pixel
denotes the number of sources at a given distance and sensitivity
upper limit. The red line represents the equivalent of a 10'! Jy Type

II burst from the Sun, scaled as a function of distance. . . . . . . ..
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6.1

6.2

6.3

6.4

CNSS J0019+00 3 GHz light curve. The 0.14 mJy upper limit is from
the non-detection in CNSS epochs 1-3. The plotted flux densities
are from CNSS epochs 4 and 5, and 4 follow-up observations of
CNSS J0019+00 with the VLA spanning approximately 1.5 yr post-
discovery. The Xs and O mark the dates of follow-up Swift and Keck-
IT DEIMOS observations, respectively. The dates are referenced to
the approximate explosion date on MJD 56722, as determined by
fitting the radio SEDs (see Section4.3). . . . . .. .. .. ... ...
The evolution of the broadband spectral energy distribution (SED) of
CNSS J0019+00, as observed with the VLA in 5 epochs spaced across
2.5 yr. The synchrotron spectra are modeled according to Granot and
Sari 2002 under the assumption that v,, < vs, < v.. The dashed lines
on the optically thick and thin sides of the spectral peak correspond

3/2 and v~!, respectively. The latter is

to typical spectral slopes of v
expected for a electron energy distribution described by a power law
with p = 3. Our model fits to the spectra give shallower optically
thick spectral slopes (approximately v!-3), and steeper optically thin
spectral slopes that are evolving with time (ranging from v~!3 to
v 17 see Section 4.3). . . ..
Optical spectra of the host galaxy of CNSS J0019+00, with SDSS
in 2000 September 29 (black line) and DEIMOS on Keck-1I in 2015
June 19 (magenta line) approximately 476 days post-outburst. The
host is a Seyfert 2 galaxy, based on the measured nebular line flux
ratios and high surface brightness nucleus. . . . . .. ... ... ..
Equipartition radius (top) and energy (middle) as a function of time
since outflow, as derived from the radio SEDs (see Equations 6.2
and 6.3). Each pair of (Req, Eeq) values are independent of the others,
using only F,, v,, and p as derived from each follow-up observation.
Jointly, the equipartition radii from each epoch can therefore provide
a strong constraint on the outflow velocity, which for CNSS J0019+00
is constant, at ~ 12,000kms~'. We also derive the ambient density
as a function of the equipartition radius and compare with other radio-
detected TDEs (bottom). The dashed line shows the circumnuclear
density profile inferred from our observations. Data are from — for
Swift J1644+57, Eftekhari et al. 2018; for ASASSN-14li, Alexander
et al. 2016; for XMMSL1 J0740-85, Alexander et al. 2017. . . . . . .
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xviii
6.5 Radio luminosity (left) and X-ray luminosity (right) as a function of
approximate time since explosion date, for all TDEs with confirmed
radio detections. The reported radio luminosities correspond to fre-
quencies between 4.5-6.0 GHz. This frequency range was chosen
because it samples the optically thin side of the synchrotron spectrum
at late times for the thermal TDE events plotted here. The dashed line
shows the expected vL, o« t~! relation for an adiabatically expanding
source in the optically thin regime. The radio data are taken from
the following — for Swift J1644+57, Berger et al. 2012, Zauderer
et al. 2013, and Eftekhari et al. 2018; for Swift J2058+05, Cenko
et al. 2012; for IGR J12580+0134, Irwin et al. 2015; for ASASSN-
141i, Alexander et al. 2016; for XMMSL1 J0740-85, Alexander et al.
2017. The X-ray data are taken from the following — for late-time
X-ray emission from Swift J1644+57, Eftekhari et al. 2018; for Swift
J2058+05, Cenko et al. 2012; for IGR J12580+0134, Lei et al. 2016
and Nikotajuk and Walter 2013; for ASASSN-14li, Brown et al. 2017;
for XMMSL1 J0740-85, Saxton et al. 2017. The values with arrows
are upper limits on the X-ray flux. The dashed line shows the theoret-

-5/3

ical Ly o ¢t relation for fall-back accretion. We note that TDEs

frequently deviate from this relation, but we plot it here as a general



6.6

7.1

7.2

Peak radio luminosity as a function of the product of the peak time

and peak frequency (left). The outflow velocity is proportional to

(6+p)/(13+2p) ALyl
p.mly p

with lines of constant velocity (assuming a constant p; see Figure 4

and can therefore be represented on the plot

of Chevalier 1998). For the dashed lines here, we assume a canonical
value of p = 3. The values for the radio luminosity, frequency, and
time of peak for each object are determined from model fits to the
data, rather than directly from the observations due to the fact that
the radio SEDs are frequently poorly sampled. We also plot the total
energy as a function of outflow velocity (right). The area to the
left (right) of the dashed line represents non-relativistic (relativistic)
outflows. CNSS J0019+00 has a constant expansion velocity that is
consistent with the other radio-detected thermal TDEs, however it is
more than an order of magnitude more energetic. The values from the
model fits are taken from — for Swift J1644+57, Eftekhari et al. 2018;
for IGR J12580+0134, Lei et al. 2016; for ASASSN-141i, Alexander
et al. 2016; for XMMSL1 J0740-85, Alexander et al. 2017. . . . . . .
95% confidence upper limits on the flux density of prompt radio emis-
sion across the OVRO-LWA frequency band (centered at 56 MHz)
over the 95% confidence localization region contained within the
OVRO-LWA field-of-view, for GW170104. The error region searched
covers approximately 900 deg?, and the median flux density limit is
2.4Jy. Combining the flux density limits with the distance constraints
from the GW signal, the isotropic luminosity of GW170104 across
the 27-84 MHz band is L < 2.5 x 10*! ergs~!. Taken from Figure 7
of Callisteretal. 2019. . . . . . . . .. .. ... ... ... . ...
OVRO-LWA snapshot image from the time of merger of S190425z,
the first BNS merger of the Advanced LIGO-Virgo O3 run. Approx-
imately 57% of the ~10,000 deg? localization region is covered by
the OVRO-LWA field-of-view. The OVRO-LWA is already at a stage

where rapid follow-up and data reduction for GW events is possible.
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Chapter 1

INTRODUCTION

The field of time domain astronomy has undergone a revolution in recent years,
spurred by technological advances that have enabled the monitoring of wide swathes
of sky with high cadence over extended periods of time. This time domain revolu-
tion applies particularly to optical, X-ray, and gamma-ray wavelengths, where optical
ground-based facilities (e.g., ZTF, Pan-STARRS, ASAS-SN, and soon LSST), as
well as high-energy space-based observatories (e.g., Swift and Fermi) have already
refined the methods of transient detection, rapid follow-up, and classification. The
rich discovery phase space in optical and higher energies revealed by these facilities
attests to their success in opening up their respective dynamic skies. The next revo-
lution in time domain astronomy has already begun in the new era of gravitational

wave detections.

In contrast, systematic searches of the dynamic radio sky lag notably far behind
their shorter wavelength counterparts, despite the vast number of source classes that
are either known or expected to fill radio transient phase space (see Cordes 2007).
These include exoplanet emission, brown dwarfs, flare stars, supernovae (SNe),
gamma ray bursts (GRBs), tidal disruption events (TDEs), and Galactic Center Ra-
dio Transients (GCRTs). High time resolution surveys, generally conducted with
single dish instruments, have revealed a rich phase space of sources, e.g., pulsars
and fast radio bursts (FRBs). However, at slower (seconds to years) timescales,
which are better probed through interferometric imaging surveys, progress has been
slower. Radio transients can play a valuable role in providing complementary infor-
mation to higher-energy observations (e.g., reliable calorimetry for jetted events at
higher energies and unobscured population event rates) and in probing the proper-
ties (e.g., density, turbulence, magnetic field strength) of the intervening interstellar
or intergalactic medium. Critically, sources of transient radio emission can offer
insight into unique emission mechanisms with larger scientific implications, as in
the case of stellar and exoplanetary transient radio emission informing conditions
for habitability.

Direct evidence of the richness of the radio transient sky has been demonstrated with

observations triggered by events detected at other wavelengths. These triggered ob-
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servations at GHz frequencies (centimeter! wavelengths) have had considerable
success relative to blind surveys in detecting slow (timescales of days to years)
transients. These include radio SNe (e.g., engine-driven SNe; Kulkarni et al. 1998;
Berger et al. 2003; Soderberg et al. 2010), GRBs (see Chandra and Frail 2012),
TDEs (e.g., Zauderer et al. 2011), and recently binary neutron star (BNS) merg-
ers (Hallinan et al. 2017; Mooley et al. 2018). See Figure 1.1 for the upper limits
placed by previous GHz surveys in radio transient phase space, as well as the ex-
pected surface density as a function of flux density for a sample of extragalactic

radio transient populations.

Low frequency (somewhat arbitrarily defined here as < 350 MHz) transient searches
have the potential for similarly high yield, given the inherently wide field-of-view of
low frequency dipole arrays. This has motivated the slew of new low frequency tele-
scopes and projects conducting transient surveys at low frequencies. These include
the Long Wavelength Array (LWA; Ellingson et al. 2009), the Murchison Widefield
Array (MWA; Tingay et al. 2013), the Low Frequency Array (LOFAR; van Haarlem
et al. 2013), the VLA Low Band Ionospheric and Transient Experiment (VLITE;
Polisensky et al. 2016), and the Giant Metrewave Radio Telescope (GMRT; Intema
et al. 2017). These surveys are attempting to place more sensitive and constrain-
ing limits on the radio transient sky across a wide range of timescales, targeting
sources of coherent radio emission, which are bright enough and which evolve on
timescales fast enough? to be accessible to current low frequency surveys. Given the
complexities of low frequency arrays, including challenges associated with calibra-
tion, wide-field imaging, and extremely high data rates, technical challenges have

been a significant barrier.

At extragalactic distances, potential transient sources at low frequencies include
bright, coherent pulses predicted to accompany GRBs and BNS mergers, as well
as fast radio bursts (FRBs). The Canadian Hydrogen Intensity Mapping Exper-
iment (CHIME; Bandura et al. 2014), originally designed to measure the power
spectrum of neutral hydrogen for mapping baryon acoustic oscillations, is now also
outfitted with a back end for detecting FRBs (CHIME/FRB Collaboration et al. 2018)
that regularly detects FRBs, including at frequencies as low as 400 MHz (Amiri et

!One should also include millimeter wavelengths, which have recently joined the fray (see Ho
et al. 2019).

2As Metzger, Williams, and Berger 2015 comment, low frequency surveys from facilities like
LOFAR are not suited for detecting extragalactic synchrotron transients, due to both flux density and
temporal arguments. In the latter case, the slow timescale of evolution at low frequencies leads to
the misidentification of these sources as persistent.
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Figure 1.1: Radio transient phase space plot, showing the transient surface density as
a function of flux density, for surveys conducted at GHz frequencies for extragalactic
transients. All of the surveys placed upper limits, with the exception of the detection
of a radio Type II SN (denoted Le+02; Levinson et al. 2002; Gal-Yam et al. 2006)
and a nuclear transient (denoted Ba+11; Bannister et al. 2011). Figure 22 of Mooley
et al. 2016 reprinted with permission from AAS.

al. 2019). The degree of scatter broadening from the current sample of FRBs indi-
cates the potential for detecting this population at sub-100 MHz frequencies (Ravi
2019).

At galactic distances, potential transient sources at low frequencies include stel-
lar flares and coherent radio bursts (Spangler and Moffett 1976; Bastian 1990;
Lynch et al. 2017; Villadsen and Hallinan 2019) as well as radio aurorae on brown
dwarfs (Hallinan et al. 2015; Kao et al. 2018), a phenomenon that likely also extends
down in mass to exoplanets (Lazio et al. 2004; Kao et al. 2018). Within Earth’s

atmosphere, potential transient sources include radio emission from meteor after-
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glows recently discovered at low frequencies (Obenberger et al. 2014), as well as

radio emission from cosmic ray showers and neutrinos (Falcke and Gorham 2003).

Table 4.1 and Figure 1.2 summarize the details and results from previous non-
targeted, "blind" radio transient surveys conducted at frequencies below 350 MHz.
From these surveys there have been seven distinct transient discoveries, all of which
remain mysterious in origin, with no identified progenitors, and no corresponding

larger population yet uncovered. These include the following:
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Figure 1.2: Radio transient phase space plot, showing the transient surface density
as a function of flux density, for surveys conducted at MHz frequencies. All of
the surveys placed upper limits with the exception of 7 transients, marked in bold,
described below. The transient work conducted in this thesis (the upper limits
denoted as "This Work") are described in Chapter 4.

e There are 3 sources denoted as Galactic Center Radio Transients (GCRT3s),
due to their discovery during separate monitoring campaigns of the Galactic
center. The first of these, GCRT J1746-2757, was found in 330 MHz VLA
observations. The source evolved on the timescale of a few months and
reached approximately 200 mJy flux densities (Hyman et al. 2002). GCRT
J1745-3009 was also discovered at 330 MHz with the VLA, and subsequently
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detected with the GMRT. Its inferred brightness temperature and spectral be-
havior indicates a coherent, steep-spectrum source, exhibiting Jy-level bursts
of approximately 10 minutes in duration. These pulses were repeatedly de-
tected with a 77 min period (Hyman et al. 2005; Hyman et al. 2007). GCRT
J1742-3001 was discovered at 235 MHz with the GMRT, and reached 100 mJy

flux densities and evolved on a month timescale (Hyman et al. 2009).

Jaeger et al. 2012 detected the source J103916.2+585124 in 325 MHz VLA
archival observations that were selected based on their coverage of the Spitzer-
Space-Telescope Wide-area Infrared Extragalactic Survey (SWIRE) Deep
Field. The source reached 2 mJy flux densities with duration of approximately
12 hours, and has no identified progenitor, despite extensive multi-wavelength

coverage of the field in which it was detected.

TGSSADR J183304.4-384046 was found in comparison of the 150 MHz
GaL.actic and Extragalactic All-sky MWA (GLEAM) and TIFR GMRT Sky
Survey (TGSS) catalogs. Given the 180 mJy flux density and long (1-3 yr)
timescale of evolution of this source, this candidate transient may be an ex-
ample of an extragalactic synchrotron transient detected at low frequencies,
the first of many such transients which may be uncovered by the Square Kilo-
metre Array (SKA; see Metzger, Williams, and Berger 2015) — follow-up
observations are ongoing (Murphy et al. 2017).

From 10,240 hours of simultaneous monitoring with LWA1 and LWA Sevil-
leta (LWA-SV; Cranmer et al. 2017), a possible transient was discovered at
34 MHz with an approximately 830 Jy flux density, with a duration of 15-20
seconds (Varghese et al., ApJ submitted). The simultaneous detection of the
source by both LWA stations, and consistent sky position as measured by the

2 stations (which are ~ 75 km apart) is used to rule out an atmospheric origin.

Stewart et al. 2016 detected the source ILT J225347+862146 at 60 MHz in
the LOFAR Multifrequency Snapshot Sky Survey (MSSS). It reached peak
flux densities of 15-25 Jy over the timescale of a few minutes, and lasted for
11 minutes in total. Although the origin of this transient emission remains
a mystery, with no identified higher-energy counterpart, the flux density and
implied rate of this event suggests that this may be a dominant population in

the low frequency transient sky.
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Existing radio transient searches have still only scratched the surface of the vast
available parameter space, and the handful of detections yielded thus far at MHz
frequencies remain poorly understood or characterized. At GHz frequencies, tran-
sient discovery is still dominated (on timescales > 1s) by follow-up of events

detected at other wavelengths.

This thesis aims to open a new window on the dynamic radio sky, placing more
sensitive constraints on as-yet unexplored regions of the transient phase space. It
also aims to emphasize the critical importance of surveys at radio frequencies for
characterizing sources through emission mechanisms that can provide new insight
on the relevant physics, as well as for targeting populations that are otherwise
inaccessible at other wavelengths. This is done through surveys that are designed
to target, or are otherwise optimized to find, specific transient populations. In the
following, I detail the sources of transient radio emission, in both the MHz and GHz
regimes, explored in this thesis and the motivation behind the detection of these

source classes. I end by outlining the contents of this thesis.

1.1 The MHz Transient Sky

Compact Object Mergers

Searches for prompt, coherent radio counterparts to GRBs date back as far as 1975,
when GRBs were still mysterious phenomena of unknown origin but suspected to
be extragalactic in nature (Baird et al. 1975). The possibility of detection of a pulse
with measurable dispersion was sought after as a means of definitively proving the
extragalactic distances to GRBs. Even after host galaxy identification demonstrated
the extragalactic origins of GRBs, targeted searches for prompt radio emission
continued (e.g., Inzani et al. 1982; Koranyi et al. 1995; Dessenne et al. 1996;
Benz and Paesold 1998; Balsano 1999; Bannister et al. 2012; Granot and van der
Horst 2014). Systematic detection would provide a radio source population with the
ability to probe the density and turbulence of the intergalactic medium (Inoue 2004),
and with utility as a diagnostic of accretion-powered jet physics (Macquart 2007).
Searches for prompt radio emission have continued to the present day (Obenberger
et al. 2014; Kaplan et al. 2015), motivated by the value of such emission as an
electromagnetic counterpart to gravitational wave events associated with compact
object mergers (Kaplan etal. 2016). See Table 3.2 for details on all previous searches

targeting GRBs for prompt, coherent radio emission.

There are numerous models predicting this speculative but potentially very valuable
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counterpart to GRBs and BNS (as well as neutron star-black hole) mergers in the
form of a short, bright, coherent pulse of low frequency radio emission. The models
predicting this coherent radio emission span all stages of the compact object merger
process, from (phase 1) the final in-spiral of the binary neutron stars; to (phase 2)
a short-lived, post-merger supramassive neutron star; to (phase 3) the post-collapse

stage during which the gamma-ray emission is produced.

In the pre-merger stage (phase 1), Hansen and Lyutikov 2001 consider the magneto-
spheric interaction of a magnetar—NS binary system and the generation of a coherent
radio burst in the surrounding plasma environment (see also Lyutikov 2013). This
has parallels in the Jupiter—Io system, whereby the latter supplies the plasma cur-
rent and is electrodynamically coupled to the magnetosphere of the former. From

Equation 13 of Lyutikov 2013, the observed flux is given by

— (G MNS)3 BI%TS
R ancSdzy (=t/t)V/4

(1.1)

The critical component of this formulation for the flux is eg, the efficiency with which
wind power is converted into coherent radio emission. Lyutikov 2013 estimate
eg = 107>, however the uncertainty on this efficiency factor is likely orders of
magnitude. The value estimated for ez by Lyutikov 2013 is such that Equation 1.1 is
approximately equal to the flux density of the Lorimer burst (Lorimer et al. 2007).
The other key feature of this model is that the coherent radio emission is predicted

1/4

to increase as ¢~ /" until it peaks at the time of merger #; (where ¢, is on the order of

a few ms).

Pshirkov and Postnov 2010 consider a low-frequency radio burst generated in the
relativistic plasma outflow from the highly magnetized, rapidly rotating magnetar
which is predicted to form in the brief stage (phase 2) between the merger and
final collapse. Rotational energy in the rotationally-supported supramassive NS is

converted to radio luminosity. From Equation 7 of Pshirkov and Postnov 2010,

lec2
Jy,
d ) Y

Fzsxlm””Egy( (1.2)

where the efficiency with which rotational energy E is converted into radio lumi-

nosity is parameterized as n, which scales with E as

n=107 __E 7, (1.3)
103 ergs~!

for a y in the range of —1/2 to 0.
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Finally, Usov and Katz 2000 predict a low-frequency radio burst that may be pro-
duced in the post-merger (phase 3) stage (as well as in long GRBs) through the
interaction of a strongly magnetized wind with the circumburst medium. In this
model, the coherent low-frequency emission is produced by the time-variable sur-

face current that exists at the wind/ambient plasma-boundary. From Equation 14 of

Usov and Katz 2000,
5(B—1 F
F—M( Y ) S, (1.4)

At Vimax  \ Vmax

where S, is the fluence in gamma-rays for the corresponding GRB, vy, is the
frequency at the lower cut-off (maximal flux) of the power spectrum (power law
index f) describing the radio emission, and ¢ is the efficiency factor describing the
relative radio and gamma-ray fluences. As with the efficiency factors given in the

previous models, the value of ¢ is highly uncertain.

Other models predicting post-merger coherent radio emission include synchrotron
maser emission generated during the GRB fireball phase (Sagiv and Waxman 2002)
and inverse Compton radiation generated in the surrounding magnetized plasma by
magnetohydrodynamic modes excited by the gravitational waves produced in the

merger (Moortgat and Kuijpers 2005).

This diverse array of models are generally consistent in their prediction of a coherent
and intrinsically short-duration burst of radio emission that occurs within a window
of several seconds to the production of the gamma-ray emission, with a steep negative

spectral index that favors observations at lower frequencies.

Extrasolar Space Weather

Transient sources in the radio sky were first uncovered at MHz frequencies, with
the discovery of the Sun as a source of bright, non-thermal, and bursty radio
emission at 50 MHz, when it was found to be the cause of intermittent interference
in British radar during WWII (Hey 1946). The detection of varying, non-thermal
radio emission from Jupiter followed at 20 MHz (Burke and Franklin 1955). It is
fitting that both Jupiter and the Sun were the first transient radio sources at meter-
wavelengths — similar transient radio emissions, but from stars and planets outside
the solar system, are now one of the primary targets in low frequency transient

surveys as a means of understanding conditions for planetary habitability.

All of the planets in our solar system with internal dynamos capable of generating

large-scale magnetic fields are also capable of generating radio emission (Zarka
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1998). This radio emission is powered by the electron cyclotron maser instabil-
ity (ECMI; see Treumann 2006) that produces coherent emission at the cyclotron

frequency, which scales linearly with the local magnetic field strength, as
Veye MHz = 2.8B G. (1.5)

In most cases, the keV electrons producing this emission are provided by the coupling
between the incident solar wind and the planetary magnetosphere. An important
exception to this is Jupiter, whose emission is dominated by its electrodynamic
interaction with Io, which is an important source of plasma in the Jovian magne-
tosphere. In either case, the interaction results in magnetic field-aligned currents
which deposit energy into the upper atmosphere, generating auroral emission (at
visible, UV, and other wavelengths) as well as electron cyclotron maser emission
(ECME).

Figure 1.3 shows the "radiometric Bode’s law" relating the output planetary radio
power for magnetized bodies in the solar system to the power in the solar wind
at the distance to those bodies. It was originally formulated by Desch and Kaiser
1984 to correctly predict the radio flux from Uranus and Neptune (as measured
by Voyager 2), and later used by Farrell, Desch, and Zarka 1999 and Zarka et al.
2001 to extrapolate this relation in application to exoplanets. The scaling relation
demonstrates that the median, isotropic radio power is strongly correlated with the
amount of energy deposited into the magnetosphere by the steady-state solar wind,
and which is therefore a proxy for distance (for Jupiter, this is applicable only to the
non-lo auroral emission). The scaling up of Bode’s law for exoplanetary systems
relies on this relationship by bringing the planetary magnetosphere closer to the host
star where it will experience a denser and faster stellar wind and therefore larger

stellar wind pressure.

Critically, this scaling relation does not take into account variability in the stellar
wind nor transient mass loss events impacting the planetary magnetosphere. For
example, the Earth’s radio power increases by 2 to 3 orders of magnitude for a factor
of 2 increase over the steady-state solar wind velocity (see Figure 1.4; Gallagher
and Dangelo 1981).

This planetary radio emission, and the possibility of its detectability from exoplanets,
has motivated monitoring programs of individual (known, or expected) exoplanetary

systems, typically at low frequencies3 where this emission is most likely (e.g., Jovian

3 Although, the possibility of kG magnetic fields in young and hot, massive planets with strong
magnetic dynamos motivates searches at GHz frequencies (Reiners and Christensen 2010).
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Figure 1.3: Radiometric Bode’s law, relating the output planetary radio power with
the power input into the magnetosphere from either the magnetic energy flux of the
Solar wind (bottom axis), or its kinetic energy (top axis). This empirical relation is
shown for all the magnetized bodies in the solar system, and extrapolated up to hot
Jupiters for the case of power provided by the stellar wind—planet magnetospheric
interaction (thick solid line) and the case of dipolar and unipolar star—planet inter-
action (thick dashed line). Figure 6 of Zarka 2007 reprinted with permission from
Elsevier.

decametric emission cuts off above approximately 40 MHz). Table 5.1 details all
radio surveys targeting exoplanets to-date. In addition, the transient brightening of
planetary radio emission associated with variability in the activity of the host star
motivates long-term monitoring of as many planetary systems as possible, in order

to increase the likelihood of observing this transient emission.

Detecting exoplanetary radio emission, and therefore probing exoplanet magnetic
fields and dynamos, provides insight into conditions for habitability — specifically,
how susceptible a planetary atmosphere is to erosion from quiescent and transient
mass loss events from its host star (Khodachenko et al. 2007; Lammer et al. 2012;
Ribas et al. 2016). In addition to understanding the prevalence of strong, planetary
magnetic dynamos, characterizing the magnetic activity, and particularly the tran-
sient mass loss, of host stars is necessary to form a complete picture of extrasolar

space weather environments, and the associated impact on habitability, around other
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Figure 1.4: The power in Earth’s auroral kilometric radiation (AKR) as a function of
incident stellar wind speed (top), from Gallagher and Dangelo 1981, and a histogram
of the probability distribution of solar wind speeds from Li, Zhanng, and Feng 2016.
The implication is that radio emission from an exoplanet may brighten significantly
relative to the steady state power, motivating the monitoring of a large number of
exoplanets for extended periods to catch transient increases in planetary radio flux
from temporary increases in stellar wind speed. Figure 5 of Gallagher and Dangelo
1981 reprinted with permission from the American Geophysical Union. Figure 2 of
Li, Zhanng, and Feng 2016 reprinted with permission from AAS.

stars.

Coronal mass ejection (CME) events can be traced on the Sun through Type II radio

bursts — coherent plasma emission generated by electrons accelerated at the shock
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front of the CME as it propagates through the outer atmosphere of the Sun (Gopal-

swamy et al. 2001). This emission is generated at the local plasma frequency and

v, kHz ~ 9 Vn, cm™3. (1.6)

Therefore, drifts in the frequency of the emission can be traced to propagation

its higher harmonics, as

of the shock into the outer (inner) regions of the corona where the density drops

(increases). The rate of drift indicates the speed of the shock.

Type II radio bursts, and CMESs, have never been observed in stars other than
the Sun. However, understanding how transient mass loss behavior scales with
magnetic activity in other stars is critical in the context of habitability, where the
majority of habitable zone planets orbit around low mass M dwarfs, which are
both more magnetically active and have longer activity lifetimes than the Sun.
Figure 1.5 shows an empirical scaling relation from the Sun between ejected CME
mass and observed flare flux (Aarnio et al. 2011). It is an open question whether
this relation can be extrapolated into the regime of more magnetically active stars,
or whether the different magnetic topologies present on active stars can play a role
in confining CMEs and preventing their release into the surrounding space weather
environment (see, e.g., Alvarado-Gomez et al. 2018). This motivates the need
for low frequency radio surveys that are sensitive to Type II stellar bursts that can
monitor a large sample of systems for extended periods of time, in order to begin
characterizing transient mass loss for a wide range of spectral types and levels of

magnetic activity.

1.2 The GHz Transient Sky

The radio emission from extragalactic explosions is powered by synchrotron emis-
sion generated from the interaction between the associated shock and the surround-
ing medium, which accelerates the electrons that generate synchrotron emission
from the magnetic fields amplified in the shock (Chevalier 1982). Radio emission
can therefore provide information on the density of the surrounding medium and a
constraint on the pre-explosion environment, as well as constraints on the outflow

geometry, size, energy, and ejecta mass (Chevalier 1998).

Radio-detected synchrotron explosions also present an alternate means of detecting
known transient populations (e.g., TDEs, SNe, GRBs, binary neutron star mergers,

as well as the orphan off-axis afterglows of all populations) from the more traditional
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Figure 1.5: The relationship seen for the Sun between measured CME mass and
associated X-ray flare flux. The two quantities show a power-law scaling relation on
either side of the "knee". The hatched region denotes the flare fluxes observed from
young, active stars. A major open question is whether this Solar CME-flare flux
relation can be reliably extrapolated into the region of highest flare flux from active
stars. Figure 15 of Aarnio et al. 2011 reproduced with permission from Springer.

methods of time domain optical and higher energy surveys, which can be biased*
against highly dust obscured events in the case of the former (Mattila et al. 2012)
and biased against highly jetted (and beamed away from Earth) events in the case of
the latter (Granot et al. 2002).

However, despite these intrinsic benefits for the radio detection of extragalactic
explosions in further characterizing events and their true rates, systematic discovery
of these sources in radio surveys is distinctly lacking, with the vast majority of
detections made through follow-up observations. This is beginning to change with

the advent of radio surveys uniquely and optimally designed to detect and classify

4 Although, radio searches may present their own bias against significantly underdense environ-
ments (e.g., with type Ia SNe; Chomiuk et al. 2012).
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these extragalactic synchrotron events. This was demonstrated by the Karl G. Jansky
VLA Caltech NRAO Stripe 82 Survey (CNSS), which combined (1) a survey cadence
well-matched to the expected timescale of evolution of the radio emission with (2)
a fast survey speed, designed be wide and shallow in order to target a large and
local (< 200 Mpc) population of transients, which minimizes the number of false
positive transients (in the form of AGN variability) and increases the likelihood of
host galaxy identification. It was this survey technique that led to the discovery
of the radio TDE described in Chapter 6, and which is now being applied to the
VLA Sky Survey (VLASS) and is expected to find many 100s of such extragalactic

explosion events.

1.3 Outline of This Thesis

This thesis is outlined as follows. Chapter 2 details the construction, commissioning,
and development work that went into making the Owens Valley Radio Observatory
Long Wavelength Array (OVRO-LWA) a science-ready instrument. Each of the
remaining chapters of this thesis explores a different class of transient phenomena:
Chapter 3 describes the deepest search for prompt, low-frequency radio emission
associated with compact object mergers to-date; Chapter 4 describes the most sensi-
tive non-targeted search for low-frequency, coherent transients on timescales ranging
from seconds to days; Chapter 5 describes the largest survey designed to search for
extrasolar space weather (stellar radio bursts and exoplanetary radio emission); and
finally, Chapter 6 shifts to the GHz-radio transient sky to describe the first radio-
discovered tidal disruption event (TDE). In Chapter 7, I summarize and look to the

future.
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Chapter 2

THE OWENS VALLEY RADIO OBSERVATORY LONG
WAVELENGTH ARRAY (OVRO-LWA)

2.1 Instrument Overview

The Owens Valley Radio Observatory Long Wavelength Array (OVRO-LWA) is a
low-frequency (< 100 MHz) dipole array located at the Caltech Owens Valley Ra-
dio Observatory (37:14:02N, 118:16:56W). The OVRO-LWA is a zenith-pointing
telescope with stationary crossed-dipole elements (see Figure 2.1). Full cross-
correlation of all elements in the array provides a primary beam field-of-view that
is equivalent to that of a single element, which for a dipole is the entire viewable
hemisphere. This makes the OVRO-LWA a uniquely powerful instrument amongst
low-frequency dipole arrays — its full-sky imaging capability across a wide (28—
84 MHz) bandwidth provides an unparalleled combination of sensitivity and wide
field-of-view. The majority of low-frequency dipole arrays (e.g., LOFAR, MWA)
regularly operate in a mode whereby "stations" of dipoles are used to form beams
(and which are then correlated with all other station beams). This allows the ex-
change of fewer correlated inputs for higher time and/or frequency resolution, but
severely limits the field-of-view. Some of these arrays have alternate back ends
that enable full cross-correlation of large numbers of single dipole inputs — e.g.
PASI (Obenberger et al. 2015) on LWA1 and AARTFAAC (Prasad et al. 2016) on
LOFAR - and therefore all-sky fields-of-view comparable to that of the OVRO-
LWA. However, they are frequently limited to narrow bandwidths (a few channels
wide, corresponding to ~few MHz at most) which significantly degrades sensitivity.
The OVRO-LWA is therefore uniquely positioned among low-frequency dipole ar-
rays for achieving its science goals, which includes characterizing the early universe
during the Cosmic Dawn era, radio-only detections of cosmic rays, Solar and Jovian
monitoring, and what I broadly categorize as low-frequency transient science. This
includes searches for prompt radio emission from compact object mergers (Chap-
ter 3), non-targeted transient searches (Chapter 4), and extrasolar space weather

encompassing stellar and planetary radio emission (Chapter 5).

My time at Caltech has mirrored that of the OVRO-LWA — approximately consistent

arrival dates, similar growth and development timelines, and culminating recently
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in scientific output. A significant component of my thesis has been the participation
in every major stage of the OVRO-LWA, from construction and commissioning, to
pipeline development. During this time, the OVRO-LWA has undergone upgrades,
debugging, and has recently emerged as a science-ready instrument. In the following,
I describe the different stages of the array, as well as the calibration, imaging, and
reduction pipelines I built to enable the transient science goals outlined above and

discussed in detail in the chapters that follow.

Figure 2.1: A photograph of the OVRO-LWA, taken from within the 251-element
core, facing east towards the White Mountains. On the west side of the array is
the Sierra Nevadas. The radio observatory’s placement within the Owens Valley,
shielded on either side by two large mountain ranges, creates a comparatively clean
RFI environment. The predominant sources of RFI are the FM band above 88 MHz,
short wave reflecting off the ionosphere below 25 MHz, and RFI associated with
power-lines running along the valley that is broad-band in nature.

Stage I OVRO-LWA: The Core

Construction on the Stage I OVRO-LWA began in 2013 and was completed in 2014.
The Stage I array consists of 251 crossed dipole antennas spread across a 200 m-
diameter "core", with a minimum separation of 5 m between antennas to minimize
the effects of cross-talk between adjacent antennas. Each antenna is equipped with
two front ends (FEs; one for each of the crossed dipoles) that amplifies the signal
and is connected via coaxial cable to the electronics shelter (located at the southern

end of the core). Each antenna contains 2 signals — one from the X dipole (oriented
N-S) and one from the Y dipole (oriented E-W).!

T note that each of the dipoles is intrinsically elliptically polarized, so that each crossed-dipole
pair is not simply measuring linear polarization along the N-S and E-W axes.
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In addition to the 251-element core, there are an additional 5 "outrigger" antennas
located at a distance of approximately 30 m from the edge of the core, which are
used for total power measurements. As such, they are equipped with special noise
switching FEs and utilized for the Large Aperture Experiment to Detect the Dark
Ages (LEDA; Price et al. 2018), and are therefore excluded from the data reduction
pipeline discussed here.

Both the antenna and analog electronics utilized for the Stage I construction of
the OVRO-LWA are taken directly from the LWA1 design. However, beyond this,
and particularly with regards to the design of the 512-input LEDA correlator, the
OVRO-LWA departs significantly from the LWAI.

The 200-m diameter core, operating at frequencies between 28-84 MHz, provides
approximately 1 degree resolution on the sky and an approximately 20,000 deg®
field-of-view. At 1° resolution, the array is severely classically confusion limited,
whereby unresolved sources contribute to the flux within the synthesized beam, to
the level of approximately a few Jy. See Figure 2.2 for a map of the Stage I array,
the corresponding snapshot uv-coverage, synthesized beam, and all-sky image from

the array.

Stage I OVRO-LWA: The Long Baseline Demonstrator Array

The Stage II OVRO-LWA was built between 2015-2016, and added an additional
32 "expansion" antennas as part of the Long Baseline Demonstrator Array (LBDA)
out to maximum baselines of 1.5 km, and increasing the resolution of the array from
1° to 10" at the top of the band. The 64 (2 polarizations per antenna) signal paths
corresponding to the LBDA replaced 64 core antenna inputs into the correlator,
and are transported to the electronics shelter through fiber optic cable, which is
significantly cheaper and avoids issues related to signal reflections within coaxial
cable that manifest as bandpass ripples. Junction boxes buried in the ground and
located at each expansion antenna contain power and a laser diode board? to convert
the signal from the coaxial cable connected to the FE to optical fiber for transport

back to the electronics shelter.

The Stage II OVRO-LWA is the current operational stage of the array as of this
thesis, and delivered the first set of science from the OVRO-LWA (Eastwood et al.
2017; Anderson et al. 2018; Price et al. 2018; Monroe et al. 2019, NIM-A submitted;
Eastwood et al. 2019, AJ submitted; Anderson et al. 2019, ApJ submitted). Substan-

2Junction boxes also occasionally contain either water or scorpions.
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Figure 2.2: The Stage I OVRO-LWA. Map of antenna locations in the core (top left),
the corresponding uv coverage (top right), the point spread function (PSF) using a
Briggs robust weighting of 0 (bottom right), and an all-sky image from the Stage I
array (bottom left).

tial effort was required in going between completion of the Stage II construction and
obtaining science-quality data. Significant issues had to be identified and solved,
including installation of attenuators on all 32 coax to fiber laser diode boards, which
were being driven non-linear, as well as other issues which are described in more
detail below. See Figure 2.3 for a map of the Stage II antenna locations, the corre-
sponding snapshot uv-coverage, synthesized beam, and all-sky image from the array.
At 10’ resolution, the OVRO-LWA remains confusion-limited, with single snapshot
(13s) sensitivity of approximately 800 mJy. In addition to the LBDA antennas,
a major improvement of the Stage II OVRO-LWA was the upgrade of the All-Sky
Transient Monitor (ASTM), the calibration and imaging cluster for the array, located

in the electronics shelter. The current data rate of the array is 2.5 GB per snapshot
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(corresponding to 32640 baselines X 4 polarizations X 2398 frequency channels X
32 + 32 bits output data rate). For the 13 s integration times used during the Stage II
array operations, this corresponds to 16 TB d~! of output science data. This massive
data rate, and the time requirements for processing the data, limit the initial science
data with the Stage II array to a set of survey data that were used for both cosmology
and transient science products (a continuous 28 h observation), and a circular buffer
of tunable duration that is typically set to 24 h. A set of 120 h observations taken in

2018 March will also be used for transient science, and reduction is ongoing.
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Figure 2.3: The Stage II OVRO-LWA. Map of antenna locations in the core and
LBDA (top left), the corresponding uv coverage (top right), the PSF using a Briggs

robust weighting of 0 (bottom right), and an all-sky image from the Stage II array
(bottom left).
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Stage III OVRO-LWA-352

The final Stage III OVRO-LWA will incorporate an additional 64 antennas out to
maximum baselines of 2.6 km, and will feature a complete redesign of the analog
and digital systems, including a new correlator that will incorporate all 704 signals
and a larger 70 MHz-wide bandwidth. Construction is set to begin for a 2 year period
starting in the summer of 2019. With the larger bandwidth and increased number of
inputs to the correlator, the output data rate will increase to 5 GB per snapshot, for a
daily data rate (for 10s integrations) of 40 TB d~'; this is a larger data rate than the
LSST. The stated goal of the final OVRO-LWA-352 is the delivery of a 1000 h-long
continuous survey (or 1.7 PB of data) and a circular buffer that is 100 TB in size.
In addition to the standard cross-correlation operation of the correlator, the upgrade
will incorporate additional observational modes, including a beamformer mode of
operation to form 12 simultaneous beams and the ability to dump raw voltage data

following a cosmic-ray or GW trigger.

Ionosphere and RFI Environment

The ionosphere is particularly problematic in the OVRO-LWA observing band, given
its proximity to the ionospheric plasma cutoff frequency (between ~ 10 — 20 MHz).
The ionosphere is a significant source of scintillation and refraction, with positions
of point sources wandering by as much as 30" from snapshot-to-snapshot during
ionospheric substorms. While this presents a significant challenge for transient
searches (see Chapter 4), the OVRO-LWA is in the regime of wide-field but compact
arrays (see Figure 1(3) of Intema et al. 2009). While the total electron content
(TEC) of the ionosphere is not constant over the wide field-of-view of the array, the
ionosphere is coherent between antennas — that is, each antenna is seeing through
the same patch of ionosphere for a given direction in the field-of-view. This means
that the significant challenges that are faced by, for example, LOFAR stations with
baselines in excess of 100 km due to ionospheric phase errors are avoided by the
OVRO-LWA.

In addition, OVRO is situated in a relatively radio quiet site, with most of the RFI
occurring outside the observing band (> 88 MHz and < 25 MHz, associated with
FM and HF interference, respectively). See Figure 2.4 for a dynamic spectrum taken
with a spectrum analyzer and an LWA antenna stationed at the OVRO-LWA site over
a 48-hour period from an RFI survey conducted in 2013 (Anderson & Eastwood,
internal memo). The primary source of RFI for the OVRO-LWA is due to power

line insulators arcing on timescales as short as nanoseconds, which consequently
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creates band-limited, broadband RFI. See Figure 2.5 for a dynamic spectrum I have
generated for one such power line RFI source showing its temporal and frequency
behavior. However, individual problematic insulators can be localized with the
array (and further identified through the use of a Yagi antenna mounted on a truck,
and substantial graduate student and observatory staft effort) and repaired with the
cooperation of the relevant power company. This has already been done for the

brightest RFI source affecting the array.

Frequency (MHz)

10

4 6 8
Time [h] since 2013-08-15 00:48:57 UTC

Figure 2.4: Dynamic spectrum from the OVRO-LWA site taken with a spectrum
analyzer hooked up to an LWA antenna, across 12 h, as part of an RFI survey that
was conducted in 2013. The diurnal variation in the HF interference is visible at
the bottom of the band. The observing band is relatively clean of RFI (middle 3
panels).
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Figure 2.5: Dynamic spectrum taken at approximately 1 h intervals for a power line
RFI source across approximately 100 hours.
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2.2 System Overview

Antenna

The LWA antenna consists of a pair of linear orthogonal crossed-dipoles, angled
at 45° with respect to the ground in order to increase forward gain over the whole
sky (rather than towards zenith). Each antenna is located above a 3 m X 3 m ground
screen consisting of a wire grid that helps to isolate the antenna from the ground
and any variability in conductivity as a function of soil moisture. Each antenna is
equipped with 2 front end electronics (FEE) boards, one for each crossed dipole,
that are equipped with an amplifier that provides 36 dB of gain (Hicks et al. 2012).
Because the Galactic synchrotron emission is so bright at sub-100 MHz frequencies,
the OVRO-LWA is sky-noise dominated — the antenna temperature from the Galactic
emission is significantly higher (on the order of 6 dB) than the receiver temperature

and electronics associated with the FEs.

Analog Stage

Signals from all antennas enter the electronics shelter through the cable vault, pass
through an exterior entry panel, and connect to the analog receiver (ARX) boards,
where signals are attenuated and filtered, prior to analog-to-digital conversion.
There are 32 ARX boards located in the analog signal path (ASP) rack, with each
board processing 16 signals (8 antennas). There are 3 variable filtering options —
a wide-band mode (10-88 MHz), a split-filter mode that allows for attenuation at
the bottom ~third of the band, and a narrow-band mode (28-54 MHz). All science

observations with the array have used the split-filter mode.

A known, but unsolved, issue with the ARX boards is related to common-mode pick-
up and cross-talk between adjacent signal paths on a given board. This manifests
as time-variable, correlated noise, with the most problematic signal paths generally
confined to one or two boards at a time. For the final stage of the array, a complete
redesign of the ARX boards will isolate individual lines within each board, and
prevent the current issues which are limiting the array sensitivity, including pre-
venting the integrating up of data to improve the noise beyond approximately one

integration.

Digital Stage

The 512-input Large Aperture Experiment to Detect Dark Ages (LEDA; Kocz et
al. 2015) correlator is an FX correlator that consists of a combination of Field
Programmable Gate Arrays (FPGAs) and Graphics Processing Units (GPUS) and
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which correlates all inputs across 58 MHz of instantaneous bandwidth. The Ana-
log to Digital Converters (ADCs) digitize the signal, which passes to the FPGAs
mounted on ROACH II boards (16 boards handling 32 signals each). A polyphase
filterbank (PFB) in the FPGA Fast Fourier Transforms (FFTs) the data from the
time domain into frequency domain, with a resolution of 24 kHz. An additional
set of digital gains are applied (averaged across the whole band prior to 2017, and
then per sub-band post-2017), and the signal is then requantized from 18 + 18 bit to
4 + 4 bit. Finally, 2398 channels corresponding to 58 MHz of bandwidth, tunable to
anywhere in the 0-98 MHz baseband but nominally set from 28—-86 MHz, are sent
to the X-engine, where the data are cross multiplied and integrated on a set of GPUs

(11 GPU nodes containing 2 GPUs each, corresponding to one GPU per sub-band).

All Sky Transient Monitor (ASTM)

Data from the LEDA correlator are transported to the ASTM for long-term storage
and processing of visibility data. The ASTM contains 10 compute nodes (16
CPUs and 64 MB of RAM per node) and 5 storage nodes with 846 TB of storage
configured in RAID 6. The data processing pipelines (data editing, calibration,
imaging, science pipelines) are hosted on the ASTM, and were developed for delivery
of calibrated data products, as well as pipelines specific to each science case —
including dedispersion of dynamic spectra to search for a pulse of coherent radio
emission accompanying short gamma-ray bursts (GRBs) and gravitational wave
(GW) events; a difference imaging and transient identification and classification
pipeline; time series analysis targeting catalogued sources that is used for extrasolar
spaceweather monitoring; m-mode analysis and 21 cm pipelines; and cosmic ray

detection pipeline. I developed all except the latter 2 of these pipelines.

See Figure 2.6 for a graphical depiction of the OVRO-LWA system overview.

2.3 Data Processing and Pipelines

In the following I describe the data processing pipeline that I have developed for the
OVRO-LWA. These include flagging and other data editing, bandpass and polariza-
tion calibration, imaging, and science target-specific reduction pipelines. Figure 2.7

shows a graphical depiction of the data processing pipeline.

Flagging and Data Editing
Antenna and baseline flags are relatively static over time, and need only be deter-

mined once per observation and applied across the whole dataset. Antenna flags
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Figure 2.7: Schematic of the standard imaging pipelines: calibration, imaging, and
science pipelines. Data are streamed from the LEDA correlator to the ASTM for
processing and long-term storage on the Lustre filesystem. Each of the 22 LEDA
GPUs processes a single sub-band (2.6 MHz), which are sent to the ASTM and
stored in the dada file format. The first processing step is to convert from dada to
CASA measurement set (MS) table format. The pipeline steps in red denote data
editing including flagging of visibilities and any necessary swapping of correlation
products due to switching of antenna polarizations somewhere along the signal
path. Blue denotes calibration, green denotes imaging, and black denotes each
science-specific data reduction pipeline.

are identified through deviations (> 20) of an individual antenna autocorrelation
spectrum from the median spectral power across all antennas (see Figure 2.8). This
is sufficient for identifying all antennas with issues along the signal path resulting in
a loss, or significant distortion, of sky signal. This includes antennas without power
(typically core antennas although occasionally LBDA antennas with shorted power
or other maintenance related issues) as well as antennas whose signal paths are
located on ARX boards that are affected by excessive levels of cross-talk and other
noise. The total number of antennas flagged is generally on the order of as many as
50 out of 256 (flagging is always done on both antenna polarizations, even if only

one signal path is problematic, in order to avoid issues associated with a varying PSF
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shape between the X- and Y-arrays). Temporal variability in antenna flags can occur
with regards to noise-affected ARX boards (generally on the timescale of ~hours),
however all problematic ARX boards for a given dataset are identified and flagged
throughout. Baselines between all adjacent signals, as well as all adjacent+1 signals,
are flagged due to cross-talk between lines in the analog signal path. Additional
problematic baselines are inspected and flagged manually. In total, the number of

baselines flagged is typically less than 2% of all baselines.

Frequency-based flags are generated automatically on a per-integration basis, due
to the fact that frequency channels affected by RFI are time-variable across an ob-
servation, and even on timescales as short as an integration time (13 s). Necessary
channel flags are identified as frequencies that are outliers in their mean and max
visibility amplitudes relative to the median values as a function of frequency calcu-
lated for all visibilities across a given sub-band. This typically results in fewer than
240 out of the total 2398 channels flagged. Channel flagging is performed in the
pipeline following the calibration and peeling steps, due to the fact that the peeling
process (which calibrates and subtracts source visibilities on a per-channel basis)
may fail to find a solution for a number of channels that were otherwise missed in
the channel flagging step, and which leaves behind visibilities with anomalously
large amplitudes that can affect the noise when averaged across the entire frequency
band.

For the majority of OVRO-LWA datasets, the number of flagged visibilities per
integration is approximately 40%, with the majority of these due to malfunctioning
antennas. However, because the bulk of flagged antennas are located in the core,
where the uv-plane is already well sampled, and because the array is still dominated
by confusion noise and other systematics even at single-integration timescales, the
removal of such a large fraction of visibilities does not significantly impact the

sensitivity of the array.

In 2016, I identified an additional and necessary data editing step from visibilities
predominantly associated with baselines with large uv distances having anomalously
high amplitudes. Inspection of average relative power between the co- (XX, YY)
and cross-correlations (XY, YX) for a subset of LBDA antennas revealed that their
polarizations had been swapped somewhere along the signal path, such that the input
received by the correlator and labeled as Y-polarization is actually X-polarization
(and vice versa). Attempting to calibrate using the visibilities of affected LBDA

baselines as XX and YY correlations when they are actually XY, YX correlations
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(and should therefore see significantly lower flux than expected) results in vastly
incorrect complex antenna gain solutions for those antennas. Figure 2.9 shows how
incorrectly labeled X—Y LBDA antenna polarizations are identified through their
relative co- and cross-correlation amplitudes. Corrections for polarization swaps
are done in data-processing through re-ordering of XX, XY, YX, and YY visibility
columns in the measurement set. Figure 2.10 shows the improvement in image

quality following this correction.
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Figure 2.8: Median antenna power spectrum (across all 512 signals) from 2019
March 05. The science band is between approximately 28—-86 MHz. The out-of-
band RFI due to the HF and FM bands is apparent immediately above and below the
science band. The FFT sampling frequency spike is at 196.608/4 MHz. The shape
of the spectrum reflects a combination of the antenna frequency response, Galactic
sky emission (T o« v=2), and ARX filtering at the bottom third of the band.

Bandpass and Polarization Calibration

The data are calibrated using a simplified sky model consisting of the two brightest
sources in the sub-100 MHz sky: the radio galaxy Cygnus (Cyg) A and the supernova
remnant Cassiopeia (Cas) A. Model flux values and spectral indices for these sources
are taken from Baars et al. 1977 and Perley and Butler 2017, and attenuated based
on their location in the primary beam at the time when the calibration solutions are
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Figure 2.9: The identification of LBDA antennas with X-Y polarizations that have
been switched (marked in pink). Antennas with this issue are automatically iden-
tified through the relative median visibility amplitudes (taken for all baselines that
include a given antenna) between the 2 co- (XX, YY) and cross-polarizations (XY,
YX). Because the sky is dominated by unpolarized emission, the XX and YY cor-
relations should always contain more power. Antennas with higher XY and YX
correlations indicates these actually correspond to XX and Y'Y, and that somewhere
along the signal path between antenna and input to the correlator, the X and Y
signals were switched.

Figure 2.10: Snapshot, full bandwidth images taken in 2016 (left) and 2017 (right),
highlighting the significant improvements made with the array in the intervening
year. These improvements were largely due to the localization and subsequent
removal of the source of RFI to the south-west of the array (associated with sparking
power lines and visible in the image on the left as an extended source on the south-
west horizon), the identification of cross-talk between adjacent signal paths, and the
identification of LBDA antennas with swapped polarizations. The result of these
fixes is significantly improved noise and lower sidelobe artifacts.

determined. For the data reduction pipelines described here, calibration solutions

are derived from a single integration — typically when Cyg A is at its highest elevation
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in the beam (~ 87°), corresponding to when Cas A is at an elevation of 51°. For
an approximate dipole forward gain pattern given by sin Qél'g’v, the flux of Cas A
is attenuated by nearly 30%, and therefore taking into account the primary beam
pattern of the array when generating the calibration model is important. Because
the antenna gain is sufficiently stable over 24 h periods, complex antenna gains are
solved for only once per day and are generally only needed once per observation. The
complex (amplitude and phase) solutions are determined on a per-frequency-channel
basis using the CASA bandpass task.

While this method of calibration has been sufficient to-date, it introduces errors in
two significant ways. (1) The 2-point source sky model is grossly over-simplified,
and while the effect of the diffuse Galactic synchrotron emission is mitigated when
solving for calibration solutions by using only baselines greater than 15 wavelengths,
the Galactic emission is not fully resolved out, nor are the thousands of discrete point
sources accounted for. (2) While a single integration provides sufficient signal-to-
noise on Cyg A and Cas A to solve for a set of complex antenna gains, variations
in both flux and position due to scintillation and refraction in the ionosphere affect
the solutions. Future improvements in calibrating the array will involve the use of
a more complete sky model (generated from the full-sky maps of Eastwood et al.
2018) using data spaced over multiple integrations to average out the effects of the

ionosphere.

While the above steps are used to derive direction-independent (DI) calibration
solutions (one set of amplitude and phase values per antenna per channel per day), an
additional direction-dependent calibration and source subtraction (peeling) towards
Cyg A and Cas A are performed on single-integration timescales, using visibilities
with baselines greater than 10 wavelengths. This is necessitated by variations in the
antenna gain pattern between individual dipole beams, caused by mutual coupling
between adjacent antennas, and to a lesser degree, deviations in antenna orientation
and ionospheric fluctuations. Peeling is performed using the TTCal calibration

software package developed by Eastwood 2016.

Polarization calibration is a critical step in the pipeline for specific OVRO-LWA
science cases — for transients, polarization calibration is necessary for producing
accurate Stokes V maps, which allow the search for circularly polarized stellar and
planetary radio emission, in images that are not confusion noise-limited. Because

all 4 correlation products are produced by the correlator, the OVRO-LWA is capable
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of generating maps of all 4 Stokes parameters:

I 10 0 1]f[xxy
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where X(7) = E, e/ and Y(t) = E,ye/?, j is the imaginary number, * represents
the complex conjugate, and ¢ is the phase difference between the X and Y polar-
izations (Hamaker, Bregman, and Sault 1996). From Equation 2.1, the Stokes I
total intensity (as well as Stokes Q linear polarization) is a linear combination of the
XX and YY correlations, and therefore the X and Y dipole arrays can be calibrated
separately from one another. Stokes V (and Stokes U), however, are constructed
from the XY and YX correlations, and the relative phase between the X and Y dipole

arrays must be determined.

However, correctly calibrating the X and Y phase of the array is a non-trivial chal-
lenge for a wide-field, low frequency array like the OVRO-LWA, for the following
reasons. (1) Polarization calibration requires the measurement of a source of known
polarization and flux with sufficient signal-to-noise. There is no equivalent polar-
ized calibrator source for the OVRO-LWA that can sufficiently dominate over the
substantial amount of Stokes I leakage from both the galaxy and Cas A and Cyg
A into the cross-polarization signals. The possible exception to this is the Sun
during a bright, Type II bursting event, however such events are too rare to be relied
upon as regular calibration sources, and would require knowing a priori the flux and
degree of polarization of such an event. (2) For traditional polarization calibration
procedures, a source of known polarized flux is typically observed at the center
of the beam, where the instrumental polarization of the array is well-behaved, and
in a narrow field-of-view to provide isolation from the rest of the sky. The nearly
20,000 deg? field-of-view of the OVRO-LWA fails to provide the latter, and the
complicated dependence of the complex (amplitude and phase) antenna beam with
azimuth and elevation introduces another unknown when attempting to calibrate

with a source of known polarization.

In order to solve for the relative X—Y phase of the array and make a first-order
correction to the leakage across the beam in full Stokes maps, I have developed a
technique that utilizes the polarization introduced by the antenna to non-polarized
sources, in combination with our knowledge of a theoretical LWA dipole complex

beam. This is used to determine a model for (extrinsically) polarized sources in
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the OVRO-LWA field-of-view as well as the intrinsic antenna Stokes maps in order
to perform a polarization calibration and a direction-dependent correction for the

leakage in the beam. This avoids the polarization calibration issues detailed above.

A single LWA dipole with a 3m X 3m ground screen is simulated in GRASP
using the Method of Moments to evaluate the complex beam pattern of the dipole
at a series of azimuth and elevation grid points (over the entire field-of-view),
and as a function of frequency (Dave Woody, internal memo). The output is a
set of complex (amplitude and phase) values at each grid point in 2 orthogonal
directions. Interpolating across the azimuth, elevation, and frequency gives the
complex beam pattern for a single dipole, along two orthogonal axes as defined by
a given coordinate system. Antenna beam measurements are typically done in one
of Ludwig’s 3 coordinate systems (Ludwig 1973); in the following we describe the
antenna beam pattern in both Ludwig’s 2nd and 3rd coordinate systems, using the
former because it is akin to polar coordinates and is intuitively easier to understand
when describing dipole radiation patterns, and the latter because when forming a
Jones matrix from the radiation pattern it does not suffer a discontinuity at zenith in

the way that 6 in Ludwig’s 2nd does.

Beam values for the far-field complex voltage pattern for a single dipole in Ludwig’s
2nd (Ey, Ey) and 3rd (Eco, Ecx) coordinate systems can be used to construct a
Jones matrix to describe the beam for two crossed dipoles. From the coordinate
systems depicted in Figure 2.11, we can write the Jones matrix Jyeam describing the

direction-dependent effects of the polarized beam for two crossed-dipoles as

Ey Eg
Jbeam,an = E E > (22)
6,90 $,90
Eco Ecx
Ji = , 2.3
beam,3rd _ ECX,QO Eco,go ( )

where 1 have assumed that the far-field complex voltage pattern for one dipole is
equivalent to that of the other, but rotated by 90° (denoted by the 9y subscript, which

represents a counterclockwise rotation around zenith).

Using
I+Q U+ jV
U-jv 1-0

Bxx Bxy

B= , (2.4)

1
2

Byx Byy
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where B is the brightness matrix that describes the polarized sky as a function of

({,m) direction (Smirnov 2011), we can write

Bapparent = Jbeam Bsky J]féam’ (25)

where 7 denotes the Hermitian transpose of the Jones matrix. In this analysis, I have
assumed that the direction-dependent effects represented by the polarized beam are
the same for all baselines (e.g., our beam model is consistent across antennas). In
practice, this assumption is wrong, for reasons described above regarding additional
complexities in individual antenna beams, however we assume it here for simplicity,
and because this is currently our best model for the beam of the array. Equation 2.5
is the matrix equivalent of the Radio Interferometer Measurement Equation (see
also Smirnov 2011), and it allows us to turn the far-field complex voltage pattern for

a single dipole into a crossed-dipole full Stokes beam map.

Ludwig’s 2nd L EW Ludwig’s 3rd | ew)

4

L
x (N-S)

z (zenith) z (zenith)

Figure 2.11: Ludwig’s 2nd (left) and 3rd (right) coordinate systems. See also Figure
1 of Ludwig 1973.
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Chapter 3

A SIMULTANEOUS SEARCH FOR PROMPT RADIO EMISSION
ASSOCIATED WITH THE SHORT GRB 170112A USING THE
ALL-SKY IMAGING CAPABILITY OF THE OVRO-LWA

Anderson, M. M., G. Hallinan, M. W. Eastwood, R. M. Monroe, H. K. Vedantham,
S. Bourke, L. J. Greenhill, J. Kocz, T. J. W. Lazio, D. C. Price, F. K. Schinzel,
Y. Wang, and D. P. Woody. 2018. “A Simultaneous Search for Prompt Radio
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Abstract

We have conducted the most sensitive low-frequency (below 100 MHz) search to date
for prompt, low-frequency radio emission associated with short-duration gamma-ray
bursts (GRBs), using the Owens Valley Radio Observatory Long Wavelength Array
(OVRO-LWA). The OVRO-LWA’s nearly full-hemisphere field of view (~ 20,000
square degrees) allows us to search for low-frequency (sub-100 MHz) counterparts
for a large sample of the subset of GRB events for which prompt radio emission
has been predicted. Following the detection of short GRB 170112A by Swift, we
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used all-sky OVRO-LWA images spanning one hour prior to and two hours follow-
ing the GRB event to search for a transient source coincident with the position of
GRB 170112A. We detect no transient source to within a 30~ flux density limit of
4.5 Jy at 13 s timescales for frequencies spanning 27-84 MHz. We place constraints
on a number of models predicting prompt, low-frequency radio emission accompa-
nying short GRBs and their potential binary neutron star merger progenitors, and
place an upper limit of Lygio/Ly < 3.5 X 107 on the fraction of energy released in
the prompt radio emission, under the assumptions of negligible scattering of the ra-
dio pulse and beaming of emission along the line of sight. These observations serve
as a pilot effort for a program targeting a wider sample of both short and long GRBs
with the OVRO-LWA, including bursts with confirmed redshift measurements that
are critical to placing constraining limits on prompt radio emission models, as well
as a program for the follow-up of gravitational wave compact binary coalescence

events detected by advanced LIGO and Virgo.

Key words: gamma-ray burst: general, gamma-ray burst: individual (170112A),

gravitational waves, radiation mechanisms: non-thermal, radio continuum: general

3.1 Introduction

The detection of the first gamma-ray bursts (GRBs) in 1967 heralded a race to better
characterize, classify, and identify the nature of the progenitors of these seconds-
long bursts of MeV gamma-rays, which appeared to be isotropically distributed
across the sky and thus likely of cosmic origin (Klebesadel, Strong, and Olson
1973). Systematic detections of GRBs over the following decades revealed two
distinct classes of events: the spectrally hard, short (typical duration < 2s) GRBs
and the spectrally soft, long (typical duration > 2 s) GRBs (Kouveliotou et al. 1993).
The rapid follow-up capabilities of the BATSE instrument and BeppoSAX led to
the detection of X-ray, optical, and, later, radio afterglows that provided critical
information regarding distance, host galaxy association, isotropic energy estimates,
source size evolution, and insight into GRB progenitors (Costa et al. 1997; Frail
et al. 1997; van Paradijs et al. 1997). Routine follow-up and afterglow detection re-
vealed that the distinct phenomenology of short and long GRBs also reflects distinct
progenitor systems. Long GRB hosts are exclusively star forming galaxies (Savaglio,
Glazebrook, and Le Borgne 2009), and the location of long GRBs within their host
galaxies correlates strongly with ultraviolet light, implying that long GRBs trace
regions of active massive star formation (Fruchter et al. 2006). This, combined with

the association of long GRBs with Type Ic core-collapse supernovae (SNe), points
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to massive stars as the progenitors of long GRBs (Woosley and Bloom 2006).

The progenitors of short GRBs, however, have remained more elusive. While signif-
icant evidence exists for the association of short GRBs with compact object mergers
consisting of neutron star binaries (NS—NS) or neutron star black hole binaries (NS—
BH; Narayan, Paczynski, and Piran 1992), the association is not as definitive as that
of long GRBs with core-collapse supernovae (see, e.g., Lyutikov 2009). However,
the compact object merger scenario is the favorable progenitor model for short
GRBs for the following reasons: (1) short GRBs are found in both early- and late-
type galaxies, consistent with the formation of progenitor binary systems following
a delay-time distribution and therefore being found in both young and old stellar
populations; (2) localization within the host galaxy provided by detections of short
GRB afterglows indicates a population distribution with significantly larger host
galaxy offset relative to the long GRB / core-collapse SN population, as expected
for a compact object binary progenitor born with a natal kick (Bloom, Sigurdsson,
and Pols 1999; Belczynski et al. 2006); and (3) unlike long GRBs, short GRBs have
no established association with supernovae (Berger et al. 2005; Bloom et al. 2006;
Soderberg et al. 2006; Berger 2009), although they are associated with kilonovae /
macronovae believed to be powered by r-process nucleosynthesis in the expanding

post-merger ejecta (Li and Paczynski 1998; Tanvir et al. 2013; Yang et al. 2015).

A number of models predict a highly speculative but potentially very valuable
counterpart to GRBs and NS-NS(BH) mergers in the form of a short, bright,
coherent pulse of low-frequency radio emission (Table 3.1). The models predicting
this coherent radio emission span all stages of the compact object merger process,
from (1) the final in-spiral of the binary neutron stars, to (2) a short-lived, post-merger
supramassive neutron star, to (3) the post-collapse stage during which the gamma-
ray emission is produced. Hansen and Lyutikov 2001 consider the magnetospheric
interaction of an NS-magnetar binary system and the generation of a coherent radio
burst in the surrounding plasma environment during the pre-merger (1) phase (see
also Lyutikov 2013). Pshirkov and Postnov 2010 consider a low-frequency radio
burst generated in the relativistic plasma outflow from the highly magnetized, rapidly
rotating magnetar, which is predicted to form in the brief stage (2) between the merger
and final collapse. Usov and Katz 2000 predict a low-frequency radio burst that
may be produced in the post-merger (3) phase (as well as in long GRBs) through
the interaction of a strongly magnetized wind with the circumburst medium. In this

model, the coherent low-frequency emission is produced by the time-variable surface
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current that exists at the wind/ambient plasma boundary. Other models predicting
coherent radio emission post-merger include synchrotron maser emission generated
during the GRB fireball phase (Sagiv and Waxman 2002), and inverse Compton
radiation generated in the surrounding magnetized plasma by magnetohydrodynamic
modes excited by the gravitational waves (GWs) produced in the merger (Moortgat
and Kuijpers 2005).

Despite the diversity of models, common to all is the prediction that a GRB is
accompanied by a coherent and intrinsically short-duration burst of radio emission
that occurs within a window of several seconds to the production of the gamma-
ray emission, with a steep negative spectral index that favors observations at lower
frequencies. In the case of Usov and Katz 2000, the emission is predicted to peak at
~MHz frequencies and fall off rapidly above roughly 30 MHz. Many of the models
also require the presence of extreme, magnetar-strength magnetic fields (e.g. as
high as 10" G) — atypical given the expected age of these systems at the time
of merger (Goldreich and Reisenegger 1992), but justified in the models through
magnetic field amplification during the coalescence of the system (and through
numerical simulations, e.g., Duez et al. 2006). Magnetic field amplification has also
been predicted for post-merger hypermassive neutron star remnants and invoked to
explain short GRB extended emission (Metzger, Quataert, and Thompson 2008) and
the kilonova emission of GW1701817 (Metzger, Thompson, and Quataert 2018).

Searches for prompt, coherent radio counterparts to GRBs are made difficult by the
need for observations that satisfy the requirements for high sensitivity at sufficiently
low frequency, and are coincident with (or, dependent on the amount of dispersive
delay, shortly after) the detection of the corresponding GRB. There have been many
searches for prompt, coherent radio counterparts to GRBs to date, but none have
yielded detections thus far (e.g., Baird et al. 1975; Inzani et al. 1982; Koranyi et
al. 1995; Dessenne et al. 1996; Benz and Paesold 1998; Balsano 1999; Bannister
et al. 2012; see Granot and van der Horst 2014 for brief summary). Most recently,
Obenberger et al. 2014 searched for prompt emission from 32 GRBs using the LWA1
Prototype All Sky Imager (PASI; Ellingson et al. 2013; Obenberger et al. 2015), and
Kaplan et al. 2015 conducted follow-up observations of the short GRB 150424A,
starting within 23 s of the detected gamma-rays, with the Murchison Widefield
Array (MWA; Tingay et al. 2013) at frequencies above 80 MHz. See Table 3.2
for a summary of previous radio surveys specifically targeting prompt emission
associated with GRBs.



48

€661 Ioued 298 -o3els uorsstud jdwoid oy Surnp ‘sAer-ewrwes ur pases[ar A31ouo 0] sarouanbaiy orper ur pases[ar A31ous ueamlaq oner Ajrsourwn (1)
"UOISSIW OIpE.I JUAIdY0d 3uronpoid J10J A1eSS909U SUONIPUOD AJsnes 01 Jopio ul Jojtuagold gyo ay3 ur [opowt oY) Aq paimbai syiSuans pray onaugeA (9)
“xopur [e1303ds ()

"VZI10LT 4O 01 nwy] zoddn aouessip ajewrxordde ayy odny [ = (7 18 paiedo] 1sing € 10y AJsuap xng paioipaid-1opoN ()

‘uo1s1adsIp 210J2q ‘UOISSIUId OIPEI JUISYO Jo uoneIn( (§)

"UOISSTUIS AeI-BUIWIES JO JASUO 0} SATIB[I UOISSIUId OIPel JO JasuQ) ()

"D PIM PIIBIOOSSE UOISSIWD OIPLI JUIAY0d Sunorpaxd [opowt 10§ 90ua1afay (1)

‘opmiugew Jo sIapio Aq ATea ued sanfea say} 10} sa3uel ayerrdordde oy ‘a10ja10) A[[eorsAydomnse

PAUIBIISUOD JOU PUB UMOUNUN I S[OPOW ISy} Ul pajewinsa sidoweted ayy Jo Auew jey) aziseydwa opy “sonjea A[ay1j-1sow Jo/pue o[qrsne(d A[jeorsAydonse
se s1oded [opowr aanoadsar oy ur pajrodar sonfea Srewrxoidde ay) asn § Aysuop xnp pajorpaid oy 91e[NO[ED 01 PIsn s1dowered pue sjeWNs? YL, — ZLON

"000T Z)e3] pue A0S() U ] uonenby 3§ *, ([ = ¢ st ‘sfer-ewwres ur paInseawr

90USNY AU} 0} SANE[AI UOISSIWD OIPEI UL DUINY Y St SIOYINE 3y} G PaUYap ‘9 SAWNSSE PUE “,_Wd T13 ,_([ X ¢[°() SdUINY PUE S 9(°() UoHeINp YIM V1 10L] 44D
1] 318Inq ® 10J ‘ZHIA € I8 PRIR[NO[ED SI (§7) uwnjod ur uondipaid A)isuop xny oy L, "GO Y} JO WNIPIW UL SUIPUNOLINS I} PUB MOPINO PIZNAUTew

AIYS1y oy) ueamjaq Arepunoq ) je pajeIauasd soaem Inwdue] Aq paromod SI pue ‘uoIsSIue Ael-ewied 0) A[SNOUBI[AWIS SINDJ0 UOISSIW OIPLI JUAIY0)),

"010T AOWSO4 pue AOMIIYsJ ul , uonenby 99§ .0 = U

se ‘Kjisouruun] oIpes OJUI PAJISAUOD ST ASIOUS UMOP-UIdS YOTYM )IM ADURIOLYR o) Sk SIOYINE 9y} AQ pauyap ‘U JUIIOLF0D UOISIQAUOD B SQWINSSE pue ‘ZHIA O

Je paje[noed SI () uwnjod ur uonorpaid AJIsuap xng Sy, "go Y} Jo uoneiauas oy) pue asde[od [euy syt 01 Jo1id Inq ‘WsAS SN Y3 Jo Ie51ow 9y} SUIMO[[0]
SULIO} Ya1yM ‘SN Arssewr pajroddns A[reuonelor ayy ur £310u0 dnouewr ojur 319U [EUOLIEIOT JO UOISIOAU0D PIder ay) Aq paJesouds ST UOISSIUA OIPET JUAIY0D)

"€10T AoqnnAT ur ¢ uonenby 3G (] = ¥3 SI UOISSIWD OIPEI JUISYOD OJUT PAJISAUOD

ST Tomod puIm YoIym Yirm AJUSIOLS Y 1Byl Sownsse os[e uonorpaxd AJIsuap xnp oy, "aSIoW A[[euy pue Joeju0d 9yeu SIe)s Uonnau oy} sk syead uoIsse

oy yorym Surnp porad sul ~ 3y} 10J ZHIA 0§ Je PIe[no[ed s (1) uwnjod ut uondipaxd Arsuap xn “gyo 2y} Jo uononpoid oy 03 Jorid sw ()] pue ()] Usamioq
N0 0} PIIBWINISS ST YITYM JOSISW JO dwr oY) Je syead 1 [nun ;7 S s9[eds Jey) ANSOUTN] YHIM UOISSTUD OIPeT JURIAYO0d $aonpoId puim paznougew Sunnsax
oy ‘wdsAs K1eurq ay) Jo syusuodwod om) aY) Usam1aq suonorIajul oLydsolousew sy ysnoy) sseyd 10510w-a1d oY) Ul pAJRISUST ST UOISSTWS OIPRI JUSISYO)),

9=,01 401— 0l 9°0- 0S¢ Wwoidy snoaueynuIIs ,000T ZJe3] PUE A0S()

=01 §0I—40I [ y0I X6 swO01-01 2lojeq swr Jo SO ~ q010T A0UISOd pue AONIIYS]

¥ 2 0 01 201 I- 60°0 sy ~ 2J0Jeq sw(OOI-01 2€10T AOYNNAT / TOOT AOYINAT pUE USSUBH
) (&)

A /d7 PIeY-9g xopu] [enoadg  Ajsuo(q xn[  ¥OBUNUYG  gyn) 0] ANR[Y AB[e(T (s)oouarayay

(L) 9) (©) (t) (€) @ (1

sg¥D 03 syedidyunod orpes dwoid 10§ S]OPOIA '€ 9[qeL



49

"SUOIIBAISSQO OIpEI 9y} Ul pajadier sgy o Jo Jaquuny (g)
‘D JO W} Y 0} SANL[AI ‘SUONBAIISQO JO 11e1S (8)
—HLON

‘AuewIon ‘AI0JBAIRSQQ) NBUISSIOA PUB ‘AUBULIDD ‘JIOPSWAI], PUBKIDZIMS ‘AI0JEAISSqQ) OIPRY USIS[{ Ul PIJBIOT,

"BI[BIAL PUR (] “Yued [[IPO[ M ‘[[PMIBH 3] ‘“MOSSB[D ‘PUB[I] ‘UHAN(] <3[] OSPLIqUIR)) T8 SUOLIRIS UI PIIBIO] 1M SIOAIIAI Y],

I Y- 200 €1 ¢y LS 96 VMT-O4AO oM ST
I S€C b 9% mw mm 96T m.mm.w@ﬁmww aﬂmme VMIN S10T ‘Te 10 ueideyy
pg  snosueinuus L910°0 S 0L ‘9 89  SLOO L TS ‘6'LE VAT 10T e 19 19810quaqQ
6 S 00T 06£°0 6 01 X $9 L 0T 00p1 aommmw_m.wowsm 2102 ‘T2 10 1o1stuuEg
43 S0l 00 01 61 bL 1A' 6661 ouesieg
L snooue) IS I §T0 01 0001 — 0 O IpeL 7[0S 4 3661 prosard pue zuog
T w9 08z 1 S1 ‘SE ‘€L L0 151 1S40 9661 “TE 10 duudssa(
I 1| 1 002 IS1 LS4TO S661 ¢ 10 1KurI0y
$9 1y - I 01 I 80% “ISI wones AHAUAHA 2861 °TE 10 1uezu
43 11— €0 01 AN 807 IS wones At 1861 T2 19 womsnio)
61 - 20 €0 01 I 151 xS1OA10001 paoeds SL61 "2 10 pireg
(ZHIN) (s) (&p) (ZHIN) (ZHIN)
R:b Y, A3 uoy sy Aouonbai soy owl],  ANADISURS  yIpimpueyq Kouanbaig juuINISuf (s)aouarayoy
(6) (8) (L) (9) (S) (2] (€) () (D

SO YIM PIBIDOSSE UOISSIW Ofpel JuaIayod dwoid Sunedie; soyoress :7'¢ 9[qel



50

Despite these difficult observational requirements, and the speculative nature of the
models, low-frequency radio searches for counterparts to short GRBs remain valu-
able. Systematic detection would provide a radio source population with the ability
to probe the density and turbulence of the intergalactic medium (IGM; Inoue 2004),
with utility as a diagnostic of accretion-powered jet physics (Macquart 2007), and as
a valuable electromagnetic (EM) counterpart for radio follow-up of GW events (e.g.,
Kaplan et al. 2016). Most critically, the detection of a radio pulse associated with
a short GRB would provide independent confirmation of the association of short
GRBs with neutron star mergers. This is especially relevant in the current era
of multimessenger astronomy ushered in by the detection of GW170817 (Abbott
et al. 2017d), which provided the long sought-after first direct association between
GRBs and binary neutron star mergers. However, the GRB detected in association
with GW170817 remains distinct from the "classical" short GRBs that are system-
atically detected at larger distance (Abbott et al. 2017a). A coherent, low-frequency
radio counterpart to binary neutron star mergers would provide a direct link between

short GRBs and their more local GW-detected counterparts.

We have conducted the most sensitive search to date at frequencies below 100 MHz
for a prompt, coherent radio counterpart associated with GRBs, using the Owens
Valley Radio Observatory Long Wavelength Array (OVRO-LWA) to observe the
field of the short GRB 170112A. The low-frequency (27—-85 MHz) and simultaneous
nature of our observations provides constraining limits on a number of the prompt
radio emission counterpart models. In § 3.2, we describe the OVRO-LWA and
our observations of GRB 170112A. In § 3.3, we describe the analysis, including
our dedispersion search. In § 3.4, we place limits on any prompt radio emission
associated with 170112A and the resulting constraints on the models, as well the
relevance of the OVRO-LWA observations in the context of GW follow-up. We

conclude in § 3.5.

3.2 Observations

OVRO-LWA

The OVRO-LWA is a 352-element, dual-polarization dipole array currently under
development at the Owens Valley Radio Observatory (OVRO) in Owens Valley,
California, operating at frequencies below 100 MHz. The final array will be spread
over a 2.5 km diameter area, providing a roughly 5 arcmin spatial resolution. Full
cross-correlation of all 352 elements will enable imaging of the entire viewable sky,

with a cadence of a few seconds and 100 mJy snapshot sensitivity. Early science
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observations have commenced on OVRO-LWA, with key science including low-
frequency radio transients, exo-space weather monitoring of nearby stellar systems,
cosmic dawn 21 cm science (see Eastwood et al. 2017; Price et al. 2018), ionospheric
studies, solar dynamic imaging spectroscopy, and monitoring of the Jovian system.
A unique design feature of the array is the nonconflicting nature of these disparate
science goals, which all share a common mode of observing and initial data products,

meaning that all science objectives can be served simultaneously.

The current, stage I OVRO-LWA, which incorporates 256 elements from the 200 m
diameter core and the 32-element Long Baseline Demonstrator Array (LBDA), has
been observing continuously since 2016 December, operating from 27 to 84 MHz
(2400 channels) with a 13s cadence. Full cross-correlation of 512 inputs (256
antennas X 2 polarizations) by the Large-Aperture Experiment to Detect the Dark
Age (LEDA) correlator (Kocz et al. 2015) provides a full-sky field of view with
an approximately 10arcmin resolution at the top of the observing band. Data
are continuously written to a multiday buffer. Data corresponding to triggers of
interest are copied to the on-site All-Sky Transient Monitor (ASTM) for storage
and processing. Example triggers of interest include Swift and Fermi alerts for both
short and long GRBs as well as GW LIGO-Virgo Collaboration (LVC) events, as
distributed by the Gamma-ray Coordinates Network!. The short GRB 170112A
represents the first short GRB with sufficient position localization to search for a
coherent radio emission counterpart with the OVRO-LWA, following the onset of
our stage II continuous mode of observing. The results of follow-up observations of
a larger sample of both long and short GRBs with known redshift will be released
once the stage I OVRO-LWA continuous operations have completed.

Short GRB 170112A

The short GRB 170112A was detected on 2017 January 12 02:02:00 UTC by the
Swift Burst Alert Telescope (BAT; Gehrels et al. 2004; Krimm et al. 2013) at the
position (R.A., decl.) = (01"00™55%.7, —=17°13’57".9), to within a 90% error region
of radius 2.5 arcmin (Lien et al. 2017; Mingo et al. 2017). The burst was identified
as a hard, short burst (power-law index app, = —1.2 and burst fluence S = 0.13 X
1077 erg cm ™2 in the Swift-BAT 15-150 keV band), with an atypically short duration
of Tog = 0.06s (Lien et al. 2017, see the discussion in Section 3.3). No extended
emission was found, as is typical of the majority of short GRBs (Bostanci, Kaneko,

and Gogiis 2013). Due to the lack of detected X-ray flare or afterglow emission,

IGCN: https://gcn.gsfc.nasa.gov/
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by either the Swift X-Ray Telescope (D’Ai et al. 2017) or Swift Ultraviolet/Optical
Telescope (Siegel and Mingo 2017), following the initial BAT trigger, the position
of 170112A is known only to within the 2.5 arcmin position as measured by BAT.
No afterglow counterpart or associated host galaxy was found in the observations
conducted by follow-up ground-based optical and NIR facilities. D’Avanzo et al.
2017 observed the location of GRB 170112A with the REM 60 cm robotic telescope
at La Silla Observatory in Chile and placed an 18.0 mag H band upper limit on an
afterglow counterpart. Mazaeva et al. 2017 report the detection by the 0.7 m AS-
32 telescope at Abastumani Observatory of a source, inside the BAT error region,
which is not present in the USNO-B1.0 catalog but is detected in the DSS2 (red)
survey. We therefore disregard the association of this source with GRB 170112A,
and in the remaining analysis consider GRB 170112A as a short burst with neither

detected afterglow emission nor associated host galaxy.

The OVRO-LWA was observing simultaneously to the detection of 170112A by
Swift-BAT. Following the GCN detection notice, and after receiving the verification
by the GCN circular (Mingo et al. 2017) that Swift had detected a short GRB, we
saved three hours of data from the OVRO-LWA transient buffer, corresponding to one
hour prior to and two hours after the Swift detection (UT range 01:02:02-04:02:18).
The data consist of 832 contiguous integrations of 13 s duration, with 2398 frequency
channels spanning 27.38-84.92 MHz (24 kHz frequency resolution). The OVRO-
LWA is a zenith-pointing telescope, and 170112A was located at an elevation of

approximately 35° in the primary beam.

The visibility data delivered from the LEDA correlator are converted from their
raw format into the standard Common Astronomy Software Applications (CASA;
McMullin et al. 2007) visibility table measurement sets. The data are then flagged
in frequency, antenna, and baseline space, using a combination of manual inspection
and an automated in-house algorithm that fits for smoothness in the visibilities across
frequency, time, and uvw-space (Monroe et al. 2018, in preparation). Roughly 60
antennas are flagged for the duration of the observation, the majority of these due
to issues along the signal path resulting in a loss of sky signal from a subset of
antennas. Less than 10% of the frequency band is flagged for radio frequency
interference (RFI). The result is that approximately 45% of visibilities are flagged
per integration. The data are calibrated using a simplified sky model consisting
of the two brightest sources in the sub-100 MHz sky: the radio galaxy Cygnus
(Cyg) A and the supernova remnant Cassiopeia (Cas) A. The complex (amplitude
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and phase) antenna gains are determined on a per-channel basis from the Cyg A—
Cas A sky model using the CASA bandpass task. The calibration solutions are
derived from an integration taken at 2017 January 11 20:26 UT, 4 hr prior to the
start of the GRB follow-up observations, when Cyg A is at its highest elevation
in the beam (~ 87°). The flux scale and bandpass are corrected by modifying
the antenna gain amplitudes to fix the spectrum of Cyg A to that of Baars et al.
1977. Direction-dependent calibration in the directions of Cyg A and Cas A is
performed using the TTCal calibration software package developed for the OVRO-
LWA (Eastwood 2016). This is necessary in order to accurately peel the sources from
the visibilities and avoid sidelobe contamination in the images, caused by antenna
gain pattern variations between individual dipoles. Imaging and deconvolution are
performed with WSClean (Offringa et al. 2014a, 2014b). The full field of view is
imaged over 4096 x 4096 pixels, with a pixel scale of 1’.875 and using a robust
visibility weighting of 0 (Briggs 1995). At the time of these observations, a set of
northeast LBDA antennas were not operational, resulting in an abnormally elongated
synthesized beam with a major axis of 29’, a minor axis of 13’.5, and a position

angle of 50°.

Figure 3.1 shows the 13 s, full-band snapshot OVRO-LWA image corresponding to
the time of the GRB detection by Swift. The images are confusion-noise limited to
~ 800 mJy at zenith. The image cutout in Figure 3.1 shows the 10° x 10° region
surrounding the position of 170112A, including two nearby VLA Low Frequency
Sky Survey (VLSS; Lane et al. 2014) sources, VLSS J0108.2-1604 (3C 032),
and VLSS J0102.6-2152. These were used to verify the flux scale at this part of
the primary beam and track the position offset of sources over the course of the
observation caused by ionospheric refraction. An ionospheric substorm can be
seen moving through this region of the sky, particularly during the first hour of
observations; however, the maximum source position offsets are within the size of

the synthesized beam, and on average are of the order of a few arcminutes.

3.3 Analysis

To search for the presence of a low-frequency counterpart to 170112A in our data,
we searched the flux density time series at the position of 170112A, known to
within one synthesized beam, for statistically significant peaks indicative of a radio
burst on our shortest, 13 s integration timescales. In each integration, the median
flux of an annulus around the GRB position of width 6 + 1 synthesized beams

was subtracted from the flux measured at the pixel corresponding to the position
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Figure 3.1: Left panel is a 13 s, full-band snapshot OVRO-LWA image correspond-
ing to the time of the GRB detection by Swift, at 02:02:05 UT. The center of the
image is zenith and the border of the image is the horizon line. The extended emis-
sion cutting across the top half of the image is predominantly synchrotron emission
from our own galaxy. Cas A and Cyg A have been peeled from this integration.
There are roughly 10,000 point sources in this 13 s image. The noise at zenith is
approximately 800 mJy. The square box at 35° elevation in the southwest of the
image corresponds to the right panel, which shows a 10° x 10° box, centered on
the location of 170112A at (R.A., decl.) = (01"00™55%.7,-17°13'57".9). VLSS
JO108.2-1604 and VLSS J0102.6-2152 are also labeled.

of GRB 170112A in order to remove additional flux from any large-scale, diffuse
structure. This was done for the full 57 MHz bandwidth, as well as the bottom
(centered at 37 MHz), middle (56 MHz), and top (75 MHz) thirds of the band.
Figure 3.2 shows the dedispersed time series for these four bands for the duration
of the three-hour observation, for a dispersion measure (DM) of 260 pccm™ (see
§3.3). We find no statistically significant peaks at 13 s timescales in any of the four
bands, with typical noise in the full band, bottom band, middle band, and top band
light curves of 1.5]y, 3.6y, 2.2y, and 1.9 Jy, respectively.

Pulse Propagation: Dispersion and Scattering

The propagation of a coherent radio pulse associated with 170112A would be af-
fected by the cold plasma in the intervening medium between the birth site of the
pulse and the Earth. The signal will be dispersed, with lower frequencies arriving at
later times relative to higher frequencies, following #,iva) = 4.2 DM V(_}Iz—lz ms (Cordes
and McLaughlin 2003). The amount of dispersion, quantified by the DM, is deter-
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Figure 3.2: Flux density at the position of short GRB 170112A in each 13 s inte-
gration for the dedispersed time series using a DM of 260 pc cm ™3, at 56 MHz with
the full 57 MHz bandwidth (top), the bottom third of the band centered at 37 MHz
(second from top), the middle third of the band at 56 MHz (third from top), and the
top third of the band at 75 MHz (bottom). The time series shows the full three-hour
observation, starting one hour prior to the Swift detection of 170112A at o = 0
(dashed line) and ending two hours later. The noise in each band is 1.5Jy, 3.6Jy,
2.2Jy, and 1.9 Jy, respectively. We detect no statistically significant emission on
13 s timescales indicative of prompt radio emission associated with the short GRB,
and place a full band 30 upper flux limit of < 4.5 Jy.

mined by the column density of electrons along the pulse path (density of electrons
integrated along the line of sight), and is equal to DM = fOD ne(l)dl, where D
is the distance to the source and n, is the density of electrons. The DM can be
approximated as the sum of DM contributions from the Milky Way (DMuw), the
intergalactic medium (DMjgm), and the host galaxy of the burst (DMyeg). The
DM contribution from the Milky Way is minimal due to the location of 170112A
at high Galactic latitude (I = 135°.9, b = -79°.9); DMmw ~ 30pc cm™ based on
the NE2001 model of Cordes and Lazio 20022. We assume that the contributions
from the host galaxy and circumburst environment of 170112A are similarly small,
given the likely binary NS-NS(BH) progenitors of short GRBs and the typically

Zhttps://www.nrl.navy.mil/rsd/RORF/ne2001/
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large (4.5 kpc projected median) offsets from the center of their hosts galaxies (Fong
and Berger 2013). We assume a DMyt * DMyw. The DM contribution from the
IGM can be estimated as DMjgm ~ 1000 z pc cm™3 (Zheng et al. 2014). Because
170112A has no optical afterglow detection and no identified host galaxy, and thus
is of unknown redshift, DMjgy is highly uncertain. However, we exploit the re-
lationship between redshift and minimum burst duration of the prompt gamma-ray
emission (79g) determined using the sample of Swift-detected GRBs with redshift
identifications from the third Swift-BAT GRB catalog (Lien et al. 2016) to place
an upper limit on the redshift of 170112A of z < 0.2. The correlation between
minimum detectable Tyo and redshift found by Lien et al. 2016 reflects that longer
exposure times, and therefore longer burst durations, are needed to detect lower flux
bursts. The three-burst sample with Toy < 0.1 s all having redshifts z < 0.2 indicates
that extremely short bursts must be brighter (and thus very nearby) to be detected.
However, this correlation is necessarily restricted to bursts of known redshift, and
we state the caveat that bright, short bursts at high redshift may indeed be detected
but are simply lacking in redshift measurements. Based on the assumptions and
estimates given above, we assume an upper limit of DM < 260 pc cm™3. This cor-
responds to a maximum dispersive delay of ~ 1330s across the full OVRO-LWA
57 MHz bandwidth, and a maximum arrival time at the top of the band of 155s
after the GRB, indicating our observation covering 2 hr post-GRB-detection is more
than sufficient for capturing a coincident radio burst. The corresponding disper-
sion smearing across the 24 kHz channel at the bottom of the frequency band is
oM = 8.3 X 10° s (Av/MHz) (v./MHz)™> (DM/pc cm™3) ~ 2.5's, shorter than the

integration time f,; = 13 s of these observations.

Figure 3.3 shows the undispersed dynamic spectrum at the location of GRB 170112A,
formed by measuring the flux at the location of GRB 170112A in the 24 kHz wide
channel images across the full bandwidth, for every 13 s integration across the du-
ration of the observation (832 integrations in total). Similar to the process by which
the time series of Figure 3.2 was formed, we subtracted the median flux of an an-
nulus around the GRB position of width 6 + 1 synthesized beams from the flux
measured at the pixel corresponding to the position of GRB 170112A in order to re-
move additional flux from any large-scale, diffuse structure. We performed a series
of dedispersion trials on the dynamic spectrum, with the spacing between DM trials
set by the amount of dispersion smearing acceptable across the full bandwidth in the

final, dedispersed time series. We set this equal to the integration time tj,; = 13s.
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Figure 3.3: Dynamic spectrum measured at the position of GRB 170112A. The data
span 1 hr prior to and 2 hr following the gamma-ray emission, at a time resolution
of 13s. The frequency channel width is 24 kHz, with 2398 channels spanning 27.4
through 84.9 MHz. Some frequency and time bins have been flagged due to RFI
(e.g., integrations surrounding 02:32:05 UTC).

Following from
1 1

2 )
ViGHz Y2,GHz

Al‘smearing = tine = 4.15ms DMstep 5 (3.1)

this gives a DM step size of DM, = 2.5pc cm™3

. We search DMs spanning 0
through 1000 pc cm™3, despite our assumption of low DM, so as not to preclude the
possibility of larger distances to the source or a significant contribution from the

host galaxy or circumburst medium.

In order to search for the presence of a pulse in each of the trial DM dedispersed
time series, we searched for statistically significant emission in every time series
trial. Figure 3.4 shows the full-band dedispersed time series for every DM trial. We
assume that our coarse 13 s integration time resolution is greater than the intrinsic
pulse width (see Table 3.1), as well as any additional broadening due to scattering
or remaining dispersion smearing due to the finite spacing of our DM trials, thus no
additional smoothing is performed on the time series. Our nondetection of a radio

pulse is consistent with the flat behavior of S/N we see as a function of DM channel.
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Figure 3.4: Dedispersed time series for every DM trial ranging from 0 to
1000 pccm™, at 2.5pccm™ intervals. The right panel shows the peak S/N in
each dedispersed time series as a function of DM trial. No time series contains a
peak S/N greater than our significance threshold. The 4.50 spike just below a DM
of 200 pc cm™ is 2 DM channels wide, and is due to spurious unflagged frequency
channels.

In addition to the removable effect of dispersive delay caused by the intervening
plasma along the path of pulse propagation, the signal is also subject to nonre-
movable scatter broadening by turbulence and plasma density variations along the
line of sight. The contribution to scattering from the Milky Way is negligible (a
pulse broadening timescale of 7 = 0.06 us at 1 GHz will be 7 < #jp; = 135 at
10 MHz, assuming a Kolmogorov v power-law; Cordes and Lazio 2002). Addi-
tional contributions to scattering are possible from the host galaxy, however, for the
same reasons mentioned above with regards to host galaxy contribution to DM, we
assume a negligible contribution from the host, given the likely significant offset
of the short GRB from its host galaxy. The remaining source of scattering to be
considered is the IGM. Given both the lack of correlation between DM and 7 for
the extragalactic fast radio bursts (FRBs) and their systematically under-scattered,
relative to the Galactic DM— relation for pulsars, nature (Cordes et al. 2016), we
assume a minimal contribution to scattering from the IGM (which we have taken as

the largest contribution to the DM), and assume 7 < tjy.
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3.4 Discussion

Constraints on Models for Prompt Radio Emission

Using our deepest limit for the prompt radio emission associated with the short
GRB 170112A (57MHz bandwidth flux density limit at a center frequency of
56 MHz), we can place limits on the efficiency factors (listed in column 7 of Table
3.1) used in the models for prompt radio emission to predict the strength of emission,
as well as place an upper limit on the fractional energy released in low-frequency
radio emission relative to gamma-rays in the prompt emission stage of a short GRB.
Figure 3.5 shows the predictions for the prompt radio emission models of Hansen and
Lyutikov 2001, Pshirkov and Postnov 2010, and Usov and Katz 2000, associated with
a 170112A-like burst, compared with our 30 flux density limit S(56 MHz) = 4.5 Jy
(assuming a burst at a distance of D = 1Gpc, and the model-predicted spectral
indices a given in column 5 of Table 3.1). For the magnetized wind resulting
from the magnetospheric interaction of the binary neutron stars prior to coalescence
model of Hansen and Lyutikov 2001, we place an upper limit on the efficiency of
wind power conversion to radio emission of ez < 7.2 x 1073 (using Equation (13)
of Hansen and Lyutikov 2001 for the integrated flux density for a 13 s integration
time that ends when the emission peaks as the neutron stars merge, and assuming
a magnetic field strength of B = 10'> G for the non-magnetar component of the
BNS system considered in the model). For the pulsar-like coherent radio emission
powered by the rapid spin-down of the post-merger supramassive magnetar model
of Pshirkov and Postnov 2010, we place an upper limit on the efficiency with which
spin-down energy is converted into coherent radio emission of 7 < 3.8 x 1078,
corresponding to a total energy loss rate of roughly £ = 6.1 x 10°! ergss™! and a
power law for the spin-down power (17 < E?) of ¥ = —0.1 (using Equations (6) and
(7) of Pshirkov and Postnov 2010 with a spectral index of @ = —2, and assuming the
intrinsic pulse duration is 10 ms). For the magnetized outflow generating coherent
radio emission simultaneous to the gamma-ray emission powering the GRB model
of Usov and Katz 2000, we place an upper limit on the ratio of emitted radio to
gamma-ray fluence of 6 < 4.8 X 107 (using Equation (14) of Usov and Katz 2000
with a spectral index of @ = 1.6, an intrinsic radio pulse duration that equals the
gamma-ray Too of 0.06s, and using the measured fluence of GRB 170112A in the
15 — 150keV band of 0.13 x 107 erg cm™2).

Finally, we can place an upper limit on the fraction of energy released in the prompt
radio emission (across our 27-85 MHz band) relative to gamma-rays. Assuming

the same timescale of emission for both the prompt radio and gamma-ray emission
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(0.06 s for GRB 170112A); assuming a spectral index of @ = —2; using the gamma-
ray fluence of 0.13 x 1077 ergcm™2; and integrating over 27—-85 MHz, the upper
limit on the luminosity ratio is Lradio/L, < 3.5 X 107°°.

Gravitational Wave Follow-up

Verifying the existence of a prompt low-frequency radio counterpart to NS-NS(BH)
merger events has taken on new significance with the detection of the binary neutron
star merger GW170817 in GWs and the detection of its counterparts across the
electromagnetic spectrum (Abbott et al. 2017d, 2017c; Coulter et al. 2017; Evans
et al. 2017; Hallinan et al. 2017; Kasliwal et al. 2017; Troja et al. 2017). Strategies
for follow-up of GW events with EM facilities are now being regularly deployed
as GW alerts are released to partner observers and facilities, spanning the entire
EM spectrum from radio to gamma-rays, and including neutrino facilities (Singer
et al. 2014). Though the current models predicting prompt radio counterparts to
both short and long GRBs remain very speculative, the utility of such a population
for constraining important jet physics (Macquart 2007), probing the IGM (Inoue
2004), and serving as an identifiable counterpart to GW events makes the search for
such events extremely valuable (e.g., Kaplan et al. 2016). The particular value of
a low-frequency prompt counterpart to NS-NS(BH) mergers over counterparts at
higher energies is the (1) inherently wide field of view of low-frequency facilities for
rapidly and efficiently covering the entire (often > 103 sq. deg) localization regions
of GW events detected by aLIGO; (2) the time delay of as much as minutes, caused
by the dispersion of a radio pulse by the media along the path of propagation,
that allows for the pointing of telescopes; and (3) the relative dearth of variable
and unrelated transient sources that could serve as false positives (unlike at optical

frequencies; see, e.g. Bhalerao et al. 2017, , and references therein).

The OVRO-LWA, in particular, is a uniquely powerful follow-up facility for GW
transients. The nearly full-hemisphere (~20,000sq. deg.) field of view can instan-
taneously cover the entire 90% confidence localization region released by the two
aL.IGO and Virgo detectors roughly 50% of the time. The dispersive delay of a
prompt radio counterpart enables timely follow-up by a number of low-frequency
facilities. However, the benefits of dispersive delay become less relevant as la-
tency between GW detection and notification of detection to partner EM facilities
increases. During the first aLIGO observing run (O1), the median latency between
detection and notification was approximately 60s; however the largest latencies
extended beyond 180s (Abbott et al. 2016). For GW170104, detected during the
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Figure 3.5: Top: flux density limits from all previous searches targeting prompt co-
herent radio emission associated with GRBs. See also Table 3.2. Surveys reporting
limits at multiple frequencies show the corresponding number of limits in the plot.
Bottom: the 30~ flux density limits from the full 57 MHz band and the three 19 MHz
subbands for GRB 170112A, and the model-predicted flux densities from Table 3.1,

scaled to the 13 rexts integration time of these observations.

O2 run, the latency was approximately 5 hr (Abbott et al. 2017b; LIGO Scientific

Collaboration and Virgo Collaboration 2017). However, large latency is not a limit-
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ing factor in the follow-up strategy of the OVRO-LWA, where the continuous mode
of operation allows for the recovery of data from within the ring buffer, enabling
contemporaneous coverage of a GW event and making possible the detection of any
precursor radio emission, provided only that the GW alert latency is less than the
duration of the OVRO-LWA buffer (which is typically > 24 hr).

The OVRO-LWA was observing continuously during the alLIGO O2 observing run,
but was unable to search for prompt coherent emission associated with GW 170817
due to the unlucky placement of the binary neutron star merger below the horizon of
the OVRO-LWA at the time of the event. GW 170817 was located at a distance of only
40 Mpc (Abbott et al. 2017c), and coincident observations of a burst at this distance
would have placed the model flux density predictions in Figure 3.5 well above the
current OVRO-LWA flux density limits and allowing significant constraints on the
validity of the models. The detection horizon for the Advanced LIGO and Virgo
detectors during the O3 run to NS-NS(BH) mergers will be 220(400) Mpc (averaged
over direction and inclination angle of system, Abadie et al. 2010), still well within
the 1 Gpc distance upper limit to GRB 170112A, and still closer than any short
GRB of known redshift detected through prompt gamma- or X-ray emission. Any
burst occurring within that horizon and detected by Swift or Fermi with unknown
redshift would have had to have been extremely under-luminous compared to any
burst of known redshift; indeed, this was the case with GRB 170817A, which
was identified in association with GW170817 but was extremely under-luminous
and below the standard detection threshold of Fermi (Abbott et al. 2017a). The
implication of a population of nearby merging BNS systems that do not follow the
same brightness distribution or emission characteristics in their prompt high energy
emission compared to their higher redshift counterparts underscores the value of
an EM signature and emission mechanism that is detectable at low frequencies, for
characterizing and providing an additional EM counterpart for a GW NS-NS(BH)
coalescence event. The OVRO-LWA will continue the program for monitoring and
triggering on GW events during the O3 run, which is expected to detect between ~6

and 120 binary neutron star merger events per year at design sensitivity.

3.5 Conclusion

We have placed the most constraining upper limits to-date on prompt radio emission
associated with GRBs using the OVRO-LWA to observe the field of short GRB
170112A. We searched for a pulse at the location of GRB 170112A starting 1 hr

prior to the detection of gamma-ray emission by Swift through the subsequent 2 hr,
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to accommodate even extremely conservative estimates for pre-merger coherent
radio emission models as well as the expected dispersive delayed onset of radio
emission. We see no evidence for emission in the full-band (Av = 57 MHz) time
series or following a search through the dedispersed time series for DMs ranging
from 0 to 1000 pc cm™. We place a 1o~ flux density limit of 4.5 Jy at 56 MHz for
13 s timescales, which, assuming a nominal distance of D = 1 Gpc to 170112A,
allows us to place upper limits on the efficiency factors used by the models in their
predictions for the luminosity of coherent radio emission associated with GRBs. We
place an upper limit on the fraction of energy released in the prompt radio emission
(across our 27 — 85 MHz band) relative to gamma-rays of Lyagio/L, < 3.5 X 107°.

The contemporaneous follow-up of and sensitivity limits placed for the short
GRB 170112A demonstrate the capabilities of the OVRO-LWA for targeted follow-
up, particularly with regards to GW events. The OVRO-LWA is the only facility with
the ability to instantaneously cover up to the full aLIGO/Virgo localization region
with zero latency, and with typical sensitivities of ~ 800 mJy at low frequencies.
In addition, a GRB follow-up campaign with the OVRO-LWA is ongoing and will
provide limits on prompt radio emission for a sample that includes both long and
short GRBs, in order to encompass a wide range of potential progenitor parame-
ters. We emphasize the caveat that the use of limits associated with GRB 170112A
to constrain model parameters relies on the assumptions that any coherent radio
emission will be beamed along our line of sight and that the timescale for scatter
broadening of the coherent pulse is negligible compared to our integration time.
These assumptions highlight the value of following up a statistical sample of GRBs,
in order to place meaningful constraints on the progenitor models that do not fully

rely on the aforementioned assumptions of favorable viewing.
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Abstract

We present the results of the first transient survey from the Owens Valley Radio
Observatory Long Wavelength Array (OVRO-LWA) using 31 hours of data, in which
we place the most constraining limits on the instantaneous transient surface density
at timescales of 13s to a few minutes and at frequencies below 100 MHz. The
OVRO-LWA is a dipole array that images the entire viewable hemisphere with
58 MHz of bandwidth from 27-84 MHz at 13 s cadence. No transients are detected
above a 6.50 flux density limit of 10.5Jy, implying an upper limit to the transient
surface density of 2.5 x 1078 deg™2 at the shortest timescales probed, which is

orders of magnitude deeper than has been achieved at sub-100 MHz frequencies and
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comparable flux densities to date. The non-detection of transients in the OVRO-
LWA survey, particularly at minutes-long timescales, allows us to place further
constraints on the rate of the potential population of transients uncovered by Stewart
et al. 2016. From their transient rate, we expect a detection of 8.4t§'1(58 events, and
the probability of our null detection is 1.9t?f194 x 1073, ruling out a transient rate
> 1.4 x107*d~" deg™? with 95% confidence at a flux density limit of 18.1 Jy, under
the assumption of a flat spectrum and wide-bandwidth. We discuss the implications
of our non-detection for this population and further constraints that can be made
on the source spectral index, intrinsic emission bandwidth, and resulting luminosity

distribution.

Key words: instrumentation: interferometers, radiation mechanisms: non-thermal,

radio continuum: general

4.1 Introduction

Exploration of the time domain plays a critical role in the field of astronomy, as
a window into the dynamic, often cataclysmic or explosive, processes that mark
a highly non-static universe. Time domain radio astronomy, in particular, serves
as a unique probe of astrophysical processes which can be otherwise inaccessible
at other wavelengths, either due to extrinsic factors, such as dust obscuration, or

intrinsic factors, such as emission that is beamed or unique to radio frequencies.

Recent advances in the survey speed and sensitivity of radio interferometers has
facilitated the expansion of radio transient science from the realm of follow-up
of transient detections at shorter wavelengths, such as extragalactic, incoherent
synchrotron events such as gamma-ray bursts, supernovae, and tidal disruption
events (e.g., Chandra and Frail 2012; Soderberg et al. 2010; Zauderer et al. 2011),
toward wide-field, non-targeted synoptic imaging surveys exploring a wide range
of phase space in the dynamic radio sky (e.g., Mooley et al. 2016). Incoher-
ent synchrotron-powered transients, due to both the lower luminosities from self-
absorption and typically slow timescale of evolution at low frequencies, are better
recovered at GHz frequencies (see Metzger, Williams, and Berger 2015). However,
surveys at low (< 350 MHz) frequencies benefit from the many sources of coherent
emission that fill radio transient phase space (see Cordes, Lazio, and McLaughlin
2004; Macquart et al. 2015). Coherent emission is extremely bright, and can be
variable on timescales as short as nanoseconds (Hankins et al. 2003). In addition,

many of the source populations that have been identified to-date either emit exclu-
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sively at low frequencies, such as cyclotron maser-powered auroral radio emission
from the magnetized planets in the solar system (Zarka 1998), or exhibit emission
with steep negative spectral indices (Lorimer et al. 1995; Kramer et al. 1999) that
motivate surveys conducted at lower frequencies. Surveys at low frequencies also
benefit from the inherently wide fields-of-view and fast survey speeds of dipole ar-
rays. This is increasingly the case with the rise of low frequency telescopes such as
the Long Wavelength Array (LWA; Ellingson et al. 2009), the Murchison Widefield
Array (MWA; Tingay et al. 2013), the Low-Frequency Array (LOFAR; van Haar-
lem et al. 2013), and now the Owens Valley Radio Observatory Long Wavelength
Array (OVRO-LWA). This also includes the upgrade of low-frequency receivers on
existing dish arrays such as the Very Large Array (VLA) Low Band Ionospheric
and Transient Experiment (VLITE; Polisensky et al. 2016) and the Giant Metrewave
Radio Telescope (GMRT; Intema et al. 2017).

At extragalactic distances, potential transient sources at low frequencies include
bright, coherent pulses predicted to accompany gamma-ray bursts (GRBs) and
neutron star mergers (see Anderson et al. 2018, and references therein), as well
as fast radio bursts (FRBs), highly dispersed millisecond pulses that have been
detected at frequencies as low as 400 MHz (Amiri et al. 2019). The degree of scatter
broadening from the current sample of FRBs indicates the potential for detecting
this population even at very low frequencies (Ravi 2019). At galactic distances,
potential transient sources at low frequencies include stellar flares and coherent
radio bursts (Spangler and Moffett 1976; Bastian 1990; Lynch et al. 2017; Villadsen
and Hallinan 2018), for which our Sun serves as a prototype (Bastian, Benz, and
Gary 1998), as well as radio aurorae on brown dwarfs (Hallinan et al. 2015; Kao et
al. 2016), a phenomenon that likely also extends down in mass to exoplanets (Lazio
et al. 2004; Kao et al. 2018), and for which the magnetized planets in our solar
system serve as a prototype (Zarka 1998). Within Earth’s atmosphere, potential
transient sources include radio emission from meteor afterglows recently discovered
at low frequencies (Obenberger et al. 2014), as well as radio emission from cosmic

ray showers and neutrinos (Falcke and Gorham 2003).

Transient surveys carried out by the aforementioned low frequency facilities continue
to place more sensitive and constraining limits on the radio transient sky below
350 MHz, across a wide range of timescales. Table 4.1 summarizes the parameters
and results of previous blind, non-targeted transient surveys at low frequencies (<

350 MHz). From these surveys there have been seven distinct transient discoveries,
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all of which remain mysterious in origin, with no identified progenitors, and no

corresponding larger population yet uncovered.

* Three transient sources were discovered during separate monitoring cam-
paigns of the galactic center, thus the label Galactic Center Radio Transient
(GCRT). The first of these, GCRT J1746-2757, found in 330 MHz VLA ob-
servations of the galactic center, evolved on the timescale of a few months
and reached ~ 200 mJy flux densities (Hyman et al. 2002). GCRT J1745-
3009, also found at 330 MHz with the VLA and subsequently re-detected
with the GMRT, was a coherent, steep-spectrum source, exhibiting ~ 1Jy
bursts of approximately 10 minutes in duration, that were detected repeatedly
with a 77 minute period (Hyman et al. 2005; Hyman et al. 2007). And lastly,
GCRT J1742-3001 was discovered at 235 MHz with the GMRT, and reached
~ 100 mJy flux densities and evolved on a ~few months-long timescale (Hy-
man et al. 2009).

» Jaeger et al. 2012 detected the source J103916.2+585124 in 325 MHz VLA
archival observations that were selected based on their coverage of the Spitzer-
Space-Telescope Wide-area Infrared Extragalactic Survey (SWIRE) Deep
Field. The source reached 2 mJy flux densities with duration of ~ 12 hours,
and has no identified progenitor, despite extensive multi-wavelength coverage
of the field in which it was detected.

* TGSSADR J183304.4-384046 was found in comparison of the 150 MHz
GaLactic and Extragalactic All-sky MWA (GLEAM) and TIFR GMRT Sky
Survey (TGSS) catalogs. Given the 180 mJy flux density and long (1-3 yr)
timescale of evolution of this source, this candidate transient may be an ex-
ample of an extragalactic synchrotron transient detected at low frequencies,
the first of many such transients which may be uncovered by the Square Kilo-
metre Array (SKA; see Metzger, Williams, and Berger 2015) — follow-up
observations are ongoing (Murphy et al. 2017).

* From 10240 hours of simultaneous monitoring with LWA1 and LWA Sevil-
leta (LWA-SV; Cranmer et al. 2017), a possible transient was discovered
at 34 MHz with an approximately 830Jy flux density, with a duration of
15-20 seconds (Varghese et al., ApJ submitted), based on its simultaneous
detection by both LWA stations.
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* The transient detection that is most relevant to this work was detected by
Stewart et al. 2016 in LOFAR Multifrequency Snapshot Sky Survey (MSSS)
data. The source, ILT J225347+862146, was detected at 60 MHz and reached
peak flux densities of 15-25 Jy over an 11 min timescale. Although the origin
of this transient emission remains a mystery, with no identified higher-energy
counterpart, the flux density and implied rate of this event suggests that this
may be a dominant population in the low frequency transient sky, and one to
which the OVRO-LWA is sensitive.

In order to shed light on the nature of the potential population of sources revealed
by the transient of Stewart et al. 2016, as well as to explore the low frequency
radio sky for other transient phenomena, we have conducted a survey with the
OVRO-LWA from 27-84 MHz, imaging the entire viewable sky (~1.67 sr) every 13
seconds with approximately 10’ spatial resolution, to search for transient sources on
timescales ranging from 13 seconds to ~days, using 31 hours of observations. The
survey observations and description of the OVRO-LWA are given in Section 4.2.
In Section 4.3, we describe our transient detection pipeline, with the results of the
survey detailed in Section 4.4. The upper limits on the transient surface density
placed by the non-detection of transients in our survey are given in Section 4.5,
as well as the implications of our non-detection on the potential population of
transients similar to that detected by Stewart et al. 2016. We conclude in Section 4.6
and outline the future of OVRO-LWA transient science.
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4.2 Observations

OVRO-LWA

The OVRO-LWA is a low frequency, dual-polarization dipole array currently under
development at the Owens Valley Radio Observatory (OVRO) in Owens Valley,
California, operating between 27-84 MHz. The completed array will consist of 352
elements — 251 elements contained within a 200 m diameter compact core, and 101
elements spread across maximum baselines of 2.5 km. The OVRO-LWA operates
by cross-correlating the signals from all elements, providing a snapshot imaging
capability with the full-sky field-of-view (FOV) of a dipole antenna, roughly 5’
spatial resolution at a cadence of a few seconds, with 100 mJy sensitivity across an
instantaneous bandwidth of approximately 60 MHz.

At the time of the observations described here, the OVRO-LWA was in "stage
IT" of development, incorporating the 251-element core and a 32-element Long
Baseline Demonstrator Array (LBDA) spread across maximum baselines of 1.5 km.
The Large-Aperture Experiment to Detect the Dark Age (LEDA) correlator (Kocz
et al. 2015) takes 512 inputs (256 antennas X 2 polarizations) and correlates all
signals across a 27-84 MHz band (2400 channels at 24 kHz resolution) with a 13
second cadence. The stage I OVRO-LWA began operations in December 2016,
and early science includes constraints on the sky-averaged HI absorption trough
at 16 < z < 34 (Price et al. 2018); high-fidelity low frequency maps for use in
foreground filtering techniques, as well as the first constraints on the angular power
spectrum of redshifted HI at low frequencies (Eastwood et al. 2018; Eastwood et
al., AJ submitted); the first detection of high-energy cosmic rays without reliance on
triggers from particle detectors (Monroe et al., NIM-A submitted); and constraints
on coherent emission mechanisms associated with short gamma ray bursts (GRBs;
Anderson et al. 2018).

The 31-Hour Dataset

The first dedicated survey observation with the stage Il OVRO-LWA was conducted
on 2017 February 17, for 28 hours of continuous observations from 12:00 UTC
through 2017 February 18 16:00 UTC. Data were recorded at 13 second integrations,
with 2398 frequency channels spanning 27.38 — 84.92 MHz (24 kHz frequency
resolution). The cadence was chosen because a sidereal period is almost exactly
an integer multiple of 13 s, and this makes possible the subtraction of sidereally
separated integrations as a means of searching for transients with sensitivity to all

timescales up to a sidereal day. The OVRO-LWA is a zenith-pointing telescope,
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with each snapshot image covering the full visible hemisphere — the 28 hour run
consists of 7756 contiguous full sky snapshots. In addition to this dataset, a 3 hour
observation (832 contiguous full sky snapshots) from 2017 January 12 01:02 — 04:02
UTC that was conducted as part of a short GRB follow-up program (Anderson et
al. 2018) was included (with near identical configuration to the 28 hour dataset), to

bring the amount of data used in the transient search to 31 hours (see Table 4.2).

Table 4.2: The observations and corresponding calibration times that comprise the
31-hour dataset

(1) 2 (3) 4)
Start time [UTC] End time [UTC] Number of snapshots Calibration [UTC]
2017-01-12 01:02:02  2017-01-12 04:02:05 832 2017-01-11 20:26:39
2017-02-17 11:59:54 2017-02-18 16:00:09 7756 2017-02-17 18:02:10

Calibration and Imaging

The raw visibility datasets produced by the LEDA correlator are converted into the
standard Common Astronomy Software Applications (CASA; McMullin et al. 2007)
measurement set table format (van Diepen 2015). Prior to calibration, antenna
autocorrelation spectra are inspected and antennas are flagged if the median spectral
power of an antenna is not within 2 standard deviations of the median power across
all antennas. This is sufficient for identifying all antennas with issues along the
signal path that resulted in a loss of, or sufficient distortion of, sky signal. For
this dataset, 50 out of 256 antennas were flagged. An additional set of flags are
applied in baseline-space, to avoid the effects of cross-coupling in adjacent lines in
the analog signal path, and to remove a subset of bad baselines that are manually
selected from the visibilities, resulting in the removal of less than 2% of baselines.
Channel flags are generated on a per-integration basis, by identifying channels with
visibility amplitudes that are outliers in their mean and max amplitudes relative to
the rest of the band. This typically results in fewer than 240 out of 2398 channels
flagged. In total, approximately 40% of visibilities are flagged per integration, the
majority of which is due to the large number of antenna flags, however because the
array is still dominated by confusion noise and other systematics even at the shortest
timescales, the removal of such a large fraction of visibilities does not impact the

sensitivity of the array.

The data are calibrated using a simplified sky model consisting of the two brightest

sources in the sub-100 MHz sky: the radio galaxy Cygnus (Cyg) A and the supernova
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remnant Cassiopeia (Cas) A, using the model flux and spectral indices given in Baars
etal. 1977 for the former and Perley and Butler 2017 for the latter, extrapolated down
to 28 MHz. The complex (amplitude and phase) antenna gains are determined on
a per-channel basis from the two-source Cyg A-Cas A sky model using the CASA
bandpass task, using baselines greater than 15 wavelengths in order to mitigate the
effect of diffuse galactic synchrotron emission. The calibration solutions are derived
from a single integration and remain sufficiently stable for roughly 24 hours, thus
only one set of calibration solutions are generated per observation (see Table 4.2),
from an integration when Cyg A is at its highest elevation in the beam (~ 87°). We
note that the two-source model used in the calibration process constitutes a grossly
incomplete sky model, however it provides sufficient signal-to-noise to solve for
a set of complex gains. Future surveys will incorporate a more complete sky
model (generated from the full-sky maps of Eastwood et al. 2018), with calibration

solutions derived from visibilities averaged over multiple integrations.

Additional direction-dependent calibration and source subtraction (peeling) towards
Cyg A and Cas A are performed on single-integration timescales (when either of
the two sources is above the horizon), using visibilities with baselines greater than
10 wavelengths to derive the direction-dependent calibration. This is necessitated
by variations in the antenna gain pattern between individual dipole beams, caused
by mutual coupling between adjacent antennas, and to a lesser degree, deviations in
antenna orientation and ionospheric fluctuations. Peeling solutions are also derived
on a per integration basis for a generic source in the near-field of the array. This
is done to remove the effects of a stationary noise pattern in the data, which has
distinct spectral, temporal, and spatial characteristics, likely caused by a combina-
tion of common-mode pickup and cross-talk in the analog electronics. Peeling is
performed using the TTCal calibration software package developed for the OVRO-
LWA (Eastwood 2016). Imaging and deconvolution are done with WSClean (Of-
fringa et al. 2014a). The full FOV is imaged over 4096 x 4096 pixels, with a pixel
scale of 1.875" and using a robust visibility weighting of 0 (Briggs 1995). At the
time of these observations, a set of northeast LBDA antennas were not operational,
resulting in an abnormally elongated synthesized beam with a major axis of 29’,
a minor axis of 13.5’, and a position angle of 50°. Figure 4.1 shows an example
13-second snapshot full sky image taken from the 31-hour dataset, using the full
58 MHz of bandwidth, and an approximation of the primary beam as a function of

elevation angle.
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Figure 4.1: Snapshot full-sky image from the OVRO-LWA at 2017-01-12 02:02:05
UTC, with dashed contours denoting lines of constant RA and dec (top), and a cut
through the primary beam at an azimuth of 0°, comparing a simulated LWA dipole
beam with ground screen to the standard dipole approximation given by sin'®(6,;),
as a function of elevation angle (bottom). The beam model is symmetric, so that
an orthogonal cut through the beam at an azimuth of 90° would yield an identical
normalized gain pattern. The entire field-of-view down to an elevation angle of
10° is searched in the transient pipeline. In the snapshot image, zenith is located in
the center, with the horizon represented by the perimeter of the circle. The diffuse
emission is galactic synchrotron emission. In a single snapshot image, greater than
2000 point sources are detected above the local 5o threshold (see Section 4.3).

The transient detection by Stewart et al. 2016 in 400 hr of LOFAR Multifrequency
Snapshot Sky Survey (MSSS) data with 195 kHz of bandwidth at 60 MHz, in a field
centered on the north celestial pole, represents the detection of a potentially new
and exciting transient source population. From this event, Stewart et al. 2016 report
a transient rate of 3.97147 x 107 d™' deg™* at a flux density level of 7.9Jy. This
corresponds to an expected detection of 8.4f§.168 events in the 31-hour OVRO-LWA
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transient survey, under the assumption that the transient emission is broadband in
nature. Investigating and verifying this population therefore represents a primary
goal of the OVRO-LWA transient survey. One of the timescales probed using
the full 31 hours of the OVRO-LWA transient dataset is 6 min, which is able to
capture the relevant timescale over which the Stewart et al. 2016 transient showed
an appreciable increase in flux (the total duration of the event was 11 min, but

showed an approximately 100% increase in flux over a 2 min period).

4.3 The Transient Pipeline

Timescales

The full 31 hr dataset comprising the OVRO-LWA transient survey was searched
across a range of timescales by performing subtractions in image space of either
sequential integrations or a sliding boxcar of width determined by the number of
integrations in a given timescale, in order to remove the diffuse galactic emission
and non-intrinsically varying sources and to generate "difference" images that are
sensitive to sources which are varying on the timescale given by the integration
spacing. Sequential image subtraction was used to probe timescales of 13 s (single
integrations), 39 s (3 integrations), 2 min (9 integrations), and 6 min (27 integra-
tions). In addition, sidereal subtraction using 3 hr of data with overlapping sidereal
coverage between the 2017 January 12 and 2017 February 17 observations, as well
as 4 hr of data with overlapping sidereal coverage within the 2017 February 17 ob-
servations, was used to search for transients on all timescales simultaneously (up to
36d and 24 hr, respectively).

Sensitivity

The difference images are generated by selecting snapshots separated by N integra-
tions, matching the phase centers between the two snapshots to partially account
for sky rotation, and subtracting the resulting images. Images are not deconvolved
prior to subtraction due to computational limitations associated with deconvolution
of many tens of thousands of all-sky images. In addition, because we are not aver-
aging visibilities in time when performing the transient search on longer timescales,
and instead selecting 2 snapshot images separated by a given timescale, there is
no gain in sensitivity (by a factor oc +/fip) for difference images probing longer
timescales. The average noise actually increases towards longer timescales, largely
due to limitations associated with bright source sidelobes and incomplete sky sub-

traction between widely spaced integrations. The direction dependent calibration
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and subtraction (peeling) which was described in Section 4.2 above is performed
on the 2 brightest sources in the low frequency sky (Cas A and Cyg A). The effects
which necessitate the peeling of these sources are also present for the remaining
sources in the FOV, however computational limitations and signal to noise require-
ments for the peeling process prevent the removal of the next set of brightest sources
in the low frequency sky (e.g., Taurus A and Virgo A). The result is sidelobe artifacts
that cannot be successfully peeled out. These create a noise floor that is above the
expected thermal noise on single integration timescales and is therefore the limiting
factor when averaging visibilities on longer timescales. The direction dependent ef-
fects inherent to this issue are almost entirely dominated by beam to beam variation
between dipoles, and the eventual mapping of the individual OVRO-LWA dipole
beams will allow significant improvement in noise for difference image searches on

longer timescales.
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Figure 4.2: Histogram of the noise, as measured from the pixels in the 15° region
surrounding zenith, in each difference image epoch, for all timescales probed. The
dashed lines show the mean value of the noise for each timescale.

The other factor which must be taken into account when computing the sensitivity
of our survey is the fact that our transient pipeline searches over nearly the entire
primary beam FOV, down to an elevation angle of 10°. The result is non-uniform
sensitivity over our ~ 17 000 deg® FOV. To account for this, the noise is measured
in the central regions of each difference image surrounding zenith. The effect of

the primary beam is approximated as 1/sin"Bejevation (see Figure 4.2), and the noise
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we measure across the whole field for each epoch of the survey is approximated
as the noise at zenith times the mean of the primary beam pattern weighted by the
fractional area of the FOV as a function of elevation angle. Taking into account the
6.50 threshold of the transient search pipeline, this results in sensitivities at each
timescale as reported in Table 4.5. Because we are using a single measurement
of the noise at zenith to approximate our sensitivity across the entire FOV, we are
necessarily neglecting subtle variations in the noise across the image due to things
like bright source sidelobes, etc. However, given the large number of epochs over
which we are computing our survey sensitivity, these variations are not likely to

significantly alter our noise values.

Table 4.3 gives the average RMS noise and number of epochs for each timescale
searched. We note that the noise in a difference image is equal to the quadrature
sum of the noise for the two images from which it was generated (i.e., ogif =

0-12 + O-t2+At

limited single snapshot images (Cohen 2008).

). However, this is still an improvement in noise over the confusion-

Table 4.3: The average noise in the sequentially subtracted images for each of the
transient timescales searched

) 2) 3)
Timescale Average RMS [Jy beam™!] Number of epochs
13s 0.85 8586
39s 1.11 8582
2 min 1.56 8570
6 min 1.68 8534
sidereal 1.57 1960

NOTE - The noise is measured from a region centered on zenith with a radius of
approximately 15°. Single integration (13 s) images are consistent with thermal noise.
There is an increase in noise on longer timescales due to the fact that the difference images
are generated by subtracting non-deconvolved images generated from visibilities at
different local sidereal times (LSTs), rather than averaging in time (see Section 4.3).

Source Extraction

Sources that are present in each subtracted image are identified through the source
extraction pipeline, cross-matched with any subsequent detections of a source at
the same position in later snapshots and other timescales, and added to a candidate
transient list. The source extraction algorithm is custom-built for the OVRO-LWA

transient pipeline, and utilizes a hierarchical clustering algorithm (using SciPy’s
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scipy.cluster clustering package) that can accurately identify individual sources
from the frequently non-contiguous set of pixels above the selected noise threshold
which comprise a given source in the non-deconvolved subtracted images. Candidate

transient sources are identified through the following:

1. Each sequential subtracted image is divided up into 16 image regions, and
all pixels above a 50 local noise threshold in each region are identified,
and grouped into "islands" using a hierarchical clustering algorithm with a
distance-based linkage function (see Figure 4.3). There are of order 100
candidate transients identified in each sequential subtracted image above the

50 local noise threshold.

2. The transient candidate detections in individual subtracted images are merged
together across the full dataset to create a catalog of transient candidates, which
is cross-matched with the self-generated catalog of sources present within the
31-hour dataset (see Section 4.3). The vast majority of sources detected in
the sequential subtracted images are persistent sources that exhibit variability
on 13 second timescales due to scintillation. Any remaining sources that are
not co-located with any of the known catalogued sources are classified as
potential transient events. This reduces the number of sources detected in
a single difference image from of order 100 to a few. At this point in the
pipeline, the threshold above which a source was kept in consideration as
a candidate transient event was raised to 6.50°, so as to reduce the number
of false positive sources due to Gaussian noise fluctuations and maintain a
manageable number of candidate events. Table 4.3 gives the approximate flux

density levels this 6.50 threshold corresponds to for all timescales.

3. Candidate sources which are detected more than 60 times across the full
dataset are classified as scintillating sources that were not captured by the
source catalog (either because they were below the 4.50 detection threshold
that was used to generate the catalog or they are positionally offset by more
than 30" from the catalogued source position due to ionospheric refraction)
and are therefore removed from the candidates list. In each of these cases, the
presence of a source is verified against a deeper reference catalog, including
a deeper OVRO-LWA map (Eastwood et al. 2018) and the VLA Sky Survey
redux (VLSSr; Lane et al. 2014).
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4. The remaining candidate transient sources are compiled into a list, along with
corresponding metadata, including SNR in the detection images, approximate
source size, coordinates, azimuth and elevation at the time of detection, num-
ber of times a source was detected at this position, the spectrum of the source
at 24 kHz resolution, and an automatically generated classification label that
identifies the source type based on fitted source size, spectral features, and
position in the beam (see Section 4.3). Table 4.4 shows the number of candi-
date transients remaining at this step in the pipeline, for each of the timescales

searched.

Table 4.4: Number of transient candidates remaining after major steps in the transient
detection pipeline

(1) (2) (3)
Timescale  Ncandidates after first cut  Neandidates after auto-classification

13s 4520 229

39s 3761 152

2 min 3370 133

6 min 4669 598

sidereal 1700 109

Source Catalog

Due to the effects of the ionosphere (refraction and scintillation) and the solar
wind (interplanetary scintillation; see e.g., Kaplan et al. 2015), significant source
variability is present on sub-integration, and greater, timescales for the vast majority
of sources in the OVRO-LWA FOV. In order to deal with the hundreds of (extrin-
sically) variable sources that are present in each sequentially subtracted image, an
OVRO-LWA source catalog was generated (from the 31-hour dataset) in order to
provide a self-consistent catalog of sources that can be cross-matched with sources
detected in the subtracted images, thereby eliminating thousands of spurious detec-
tions due to extrinsic variability of persistent sources from consideration as transient
sources. We note that this method of eliminating candidates that can be matched to
a source in the catalog precludes detection of not only extrinsically but intrinsically
varying sources. While intrinsic variability on timescales as short as 10s of seconds
from persistent sources in the catalog is not expected (e.g., incoherent synchrotron
emission from active galactic nuclei in which light travel time arguments preclude
the possibility of variability on such short timescales Pietka, Fender, and Keane

2015), probing intrinsic variability is of interest on the longest timescales (approx-
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Figure 4.3: Example output from the hierarchical clustering algorithm, showing
transient candidates identified in the source extraction pipeline from the difference
image corresponding to the 13 s snapshot shown in (top, left). All pixels identified
above a 5o threshold in the region of the difference image shown in (top, right) are
hierarchically clustered into individual sources, as shown visually in the dendrogram
plot (bottom). The dashed line denotes the cutoff distance threshold used, above
which all connecting nodes are disregarded and the clusters formed below this
threshold represent the number of distinct sources identified in the difference image.
In this example, there are 16 sources identified in the difference image, each of
which is marked in (top, right) with a red ellipse.

imately a month) to which the search is sensitive. However, variability studies are

beyond the scope of this current work.

The source catalog is constructed from snapshot images across the full 31-hour
dataset that are separated by approximately 5 hours down to a maximum limiting
elevation of 10°. These snapshot images are median filtered in image space using
a kernel size of 21 pixels, and subtracted from the non-filtered image, in order

to remove any large-scale diffuse galactic emission and improve the detection and
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fitting accuracy of point sources (above a 4.50 threshold) that can be recovered from
the images and added to the source catalog. The source extraction algorithm used
to generate the source catalog is the same algorithm used in the transient detection
pipeline (see Section 4.3). The snapshot images used to construct the source catalog
are filtered in image-space rather than through the tapering of visibility weights
because the image space filter and subtraction removes extended emission without
the "ringing" introduced by the hard tapering of short-spacing visibilities which is

necessary to fully remove diffuse emission.

From the 31-hour dataset we assembled a catalog of 4500 sources that was used as

a reference in the transient detection pipeline described below.

Classification and Visual Inspection

Human visual inspection was necessary at this point in the pipeline, both to evaluate
the success with which the source extraction algorithm recovered sources above the
6.50 threshold in the subtracted images and to ensure the accuracy of the automat-
ically generated source classifiers. For each combination of timescale and dataset,
the transient pipeline outputs an image containing relevant diagnostic information
for all remaining candidate transient events, which includes image cutouts, spectra,
and relevant metadata. Figure 4.4 shows an example output frame from the transient
pipeline — one such frame is generated for every transient candidate, in every inte-
gration in which said transient is detected. Because the source extraction algorithm
selects both for positive and negative sources, each candidate event should be de-
tected at least twice, as it will be present in two subtraction images, first as a positive
source and then as a negative source. The vast majority of all candidate events fall
into one of the following categories — RFI reflection events likely associated with
meteor ionization trails, airplanes passing above the array (showing either reflected
or self-generated RFI), broadband RFI on or within a few degrees of the horizon

associated with power lines, Cas A and Cyg A sidelobes, and scintillating sources.
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Follow-up of interesting events

Each candidate transient source is automatically given an initial classification based
on the difference spectrum, fitted source size, and position. It is then visually in-
spected to ensure that classifiers are being correctly applied and that no transient
source was missed. Eventually the verification of sources by manual human inspec-
tion will be phased out of the pipeline, and replaced with a more efficient and robust
method of identifying and classifying sources using a machine learning algorithm.
However, for the current dataset, transient detection was automated to the point of
candidate detection, which was sufficient for compiling a list of candidates and their
associated metadata that could be then more robustly inspected and identified by
human eyes. For those candidates that were not clearly associated with the types
of events described above, and which did not have a counterpart in the VLSSr cat-
alog at 74 MHz, the TIFR GMRT Sky Survey (TGSS; Intema et al. 2017) catalog
at 150 MHz, or in the OVRO-LWA catalog generated from the (more sensitive)
m-mode sky maps at 74 MHz (Eastwood et al. 2018), the following steps were taken

to further characterize the candidate and verify as a transient event:

1. To better characterize the position, extent, and spectral behavior of each
source, candidates are re-imaged at phase center. This is done across the full
58 MHz bandwidth, across multiple 2.6 MHz subbands, and in the frequency

range over which a source shows emission in the difference spectrum.

2. Deconvolution is performed with a range of visibility weightings between
natural and uniform in order to investigate the presence of flux on different

spatial scales.

3. The source image is fit in order to confirm whether the source is unresolved, as
expected for an astrophysical transient. If resolved, we investigate, typically
confirming an atmospheric/meteoric reflection event. The source visibilities
are fit in order to robustly determine whether the source is unresolved, or, if
it is resolved and in the near-field of the array, to determine the source height

(in which case it is most likely an atmospheric / meteor reflection event).

4.4 Results

Across the entire 31-hour dataset, and for all timescales probed by the survey, a
total of 36232 images were searched in the transient pipeline, with each image
covering approximately 17 000 deg? and nearly 5 x 10* independent beams. After
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eliminating all candidates associated with cataloged sources and repeat detections
of sources at different timescales, 12 112 transient candidates were identified by
the pipeline. Of these, 5 828 events were associated with meteor reflections; 2011
events were associated with RFI reflected from and generated by airplanes; 1430
events were associated with horizon RFI or bright source sidelobes; and 1 622 events
were spurious detections of sidelobes or extended emission. None of the remaining
1221 events, which were not automatically classified by the pipeline into one of
the previous categories, were identified as astrophysical transients following human
inspection — the events included scintillation of known sources, as well as detections

associated with the Sun and a number of Jovian bursts.

Meteor Reflection Events

The most prevalent (non-astrophysical) transient source in our dataset is associated
with the reflection of RFI from patches of high ionization in the atmosphere, likely
caused by meteors. Meteors passing through the atmosphere are experiencing the
ablation of material off their surface — this stripped material collisionally ionizes
the surrounding air particles, creating a patch of ionized material with a plasma fre-
quency > 100 MHz, and which is therefore able to reflect terrestrial RFI (Millman,
McKinley, and Burland 1948; Greenhow 1952). These are easily distinguished as
digital (and a likely a few remaining low power analog) TV broadcasts by their
spectral signature, with all emission fully contained within one or more of the
broadcast bands designated by the Federal Communications Commission: Channel
2 — 54-60 MHz; Channel 3 — 60-66 MHz; Channel 4 — 66-72 MHz; Channel 5 —
76-82 MHz; Channel 6 — 82-88 MHz (see Crane 2008). Figure 4.3 shows a typical
reflection spectrum associated with a meteor. While reflection events are consis-
tently spectrally confined within one or more of the 6 MHz-wide digital broadcast
bands, within those bands they can exhibit a wide range of spectral features, as well
as a wide range in characteristic flux densities. They are typically less than 13s
in duration, however particularly bright events can last as long as ~ 30s. Multiple
reflection sources that are adjacent in position and likely associated with the same

meteor trail can have spectra that show emission in different broadcast bands.

The automatic classification of transient candidates associated with meteor reflec-
tions is determined by the spectrum and approximate fit to the size of the source.
For every integration in which the source is detected, the spectrum is convolved with
a 6 MHz-wide top-hat function, and the location of the maximum of this filtered

spectrum is identified. If the maximum falls within one of the known broadcast
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bands, is above a manually set detection threshold, and the fit to the source in the
non-deconvolved image is resolved (in the near-field regime of the array) and cir-
cular to within a factor of 2, then the source is automatically classified as a meteor
reflection (the latter specification is to distinguish it from airplane reflections — see
Section 4.4 below).

We note that none of the meteor-associated emissions we observed appeared to be
intrinsic in nature, i.e. akin to the fireball radio afterglows observed by Obenberger
et al. 2015a. All meteor events observed by the OVRO-LWA in this dataset were
clearly reflection events from ionized trails. However, this is not inconsistent with
the predicted rate of fireball radio emission by Obenberger et al. 2016, which for
a flux density lower limit of 540Jy at 38 MHz corresponds to a detection rate of
approximately 40 meteor afterglows year™!.

Airplanes

Airplanes are another prevalent terrestrial transient source. Like meteor trail re-
flections, they are most frequently detected through their reflection of digital TV
broadcasts, although many do also exhibit spectral features outside the known dig-
ital TV broadcast bands that are likely intrinsic. Although airplanes are a major
contaminant in the transient pipeline, they are easily identified and flagged by their

spectral features, their elongated shape, and movement across the FOV.

Horizon RFI and bright sources

Sources of broadband RFI, which are distinct from the reflection of television
broadcast bands, are confined to the horizon in discrete directions, usually along
the line-of-sight to power transmission lines. Although the RFI is restricted to the
horizon, it is still frequently detected by the transient pipeline at elevation angles as
high as ~ 20°. However, because the RFI is localized, both in position and in time,
it is classified in the transient pipeline by hierarchical clustering of sources located
at a specific set of azimuths and low elevations, weighted by 1/Ar where At is the

time between separate detections.

A similar clustering scheme is used to flag detections in the transient pipeline
associated with bright source sidelobes (e.g., Taurus A, Virgo A, Perseus A and B,
etc., typically sources with flux densities greater than approximately a few hundred

Jy), as well as Cas A and Cyg A residuals.
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Scintillating sources

Another significant source of false positive transient candidate sources detected in
the pipeline is quiescent sources that are varying due to scintillation. This includes
discrete sources that were previously below the detection limit of the source catalog,
which scintillated above the detection threshold in one or more difference images,
as well as sources which were detected and included in the source catalog but
exhibited a refractive offset significant enough to not have been correctly identified
by the transient pipeline as a known source (i.e. > 20’ positional offset). In the latter
case, all sources detected more than 60 times across the dataset at a given timescale
were automatically classified as such, and later manually verified as variable sources
(due to scintillation effects) rather than true transient events. In the former case, the
scintillating nature of the source as opposed to a transient is verified by fitting for
the source position and flux across the full dataset (and accepting a lower threshold
than the 4.50 cutoff that was used for generating the source catalog), as well as
cross-matching the location of the source with the m-mode analysis maps generated
from the same OVRO-LWA dataset, and the VLSSr and TGSS catalogs.

A small subset of sources (~ 10) detected by the pipeline exhibited large increases
in flux at frequencies which roughly correspond to the critical frequency of the
ionosphere, at the transition between strong and weak scattering and where the
magnitude of scintillation is greatest. The sources characterized by this type of
scintillation behavior showed increases in flux as large as 100s of Jy at frequencies
between 30-40 MHz, and evolving on 13 s timescales and lasting for as long as a few
minutes. The majority of these events occurred at low elevation (< 20°), however a
few were detected at high elevation, usually during periods of increased scintillation
due to ionospheric activity. The critical frequency occurs when the Fresnel and
diffraction scales are approximately equal (see Narayan 1992). The former scales

with wavelength, A, and distance between the observer and scattering screen, D, as

rg = % 4.1)
and the latter as

rai o A5 D73 (4.2)
under the assumption that the ionosphere is characterized by Kolmogorov turbu-
lence. The diffraction scale of the ionosphere is approximately 1 km for a wavelength
A = 300 cm and scattering screen distance of D ~ 300 km. The diffraction and Fres-
nel scales in the ionosphere are approximately equal at a frequency of ~ 50 MHz,

which is roughly consistent with the frequencies at which we observe these events.
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4.5 Discussion

Our transient search across 31 hours of OVRO-LWA data, at all five timescales
probed, ranging from 13s up to sidereal day subtractions, resulted in no radio
transients that could be identified conclusively as astrophysical in nature. We
can use these non-detections to place upper limits on the instantaneous transient
surface density for each timescale searched and at the flux density limits set by each
timescale’s sensitivity. The instantaneous transient surface density is the number of
transient sources per square degree that would appear in a snapshot of the sky at a
flux density greater than or equal to the flux density at which the surface density
is reported. This is distinct from a transient rate because the surface density is
instantaneous and not reported per unit time. However, there is a timescale at which
a transient surface density limit placed by a survey is applicable and it is set by the
cadence of the survey. We report the 95 percent confidence level upper limit for the
transient surface density, under the assumption that the rate of transients follows a

Poisson distribution:

n

P(n) = %e‘ﬂ, (4.3)

where A = pQy is the expected number of transients on the sky at any instant in time,
p is the instantaneous transient surface density, and Qo = (Nind. epochs — 1) X Qrov
is the total surface area probed by the survey. For the OVRO-LWA, the FOV that
is searched in each epoch is 17 045 deg_z. Nind. epochs is the number of independent
epochs searched (i.e., epochs separated by at least the transient timescale probed),
which for our survey is smaller than the total number of epochs searched by a
factor fin/tprobed. This is due to the fact that our search on longer timescales
was conducted on difference images that were generated from two integrations
separated by the timescale being probed, and which were shifted by single integration
timescales to generate subsequent difference images. The result is over-sampling in
the time domain of transients on timescales longer than the integration time. This is
advantageous for maintaining sensitivity to potential transient events by providing
a more matched temporal filter, however it also results in many epochs that are not
independent samples of the transient sky (because they are separated in time by less

than the timescale being probed).

From our survey non-detection (n = 0), we can place upper limits on the instan-
taneous transient surface density at a 95 percent confidence level (P(0) = 0.05),

for all timescales that were searched, using Equation 4.3. Table 4.5 shows the in-
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stantaneous surface density limits placed for all timescales probed by the survey.
The surface density limits placed, in the context of previous transient searches, is
shown in Figure 4.6. We have placed the most constraining limits on the transient
surface density at low frequencies at ~few Jy-level sensitivities. In addition, our
upper limits are consistent with those placed by Obenberger et al. 2015b at compa-
rable frequencies and flux densities of a few hundred Jy and with those placed by
Rowlinson et al. 2016 at 182 MHz, assuming a flat spectral index and a standard

candle population of transients in a Euclidean universe.

Table 4.5: Transient surface density limits placed by the OVRO-LWA transient
survey

(1) () (3) 4)
Timescale Nind. epochs ~ Sensitivity (6.507) Jol
dy) (deg™)
13s 8586 10.5 2.50x 1078
39s 2862 13.8 6.14 x 1078
2 min 954 18.1 1.84 x 1077
6 min 318 20.8 5.53x 1077
sidereal (1 d) 1 19.3 1.76 x 1074
sidereal (35 d) 1 19.7 1.76 x 1074

NOTE - Transient surface density limits placed for all six timescales probed by the
OVRO-LWA transient survey. Because the entire OVRO-LWA FOV down to an elevation
angle of 10° is searched as part of the transient pipeline, our single snapshot FOV is
approximately 1.657 sr, or 17 045 deg?.

We can also place limits on the transient surface density as a function of flux
density, p(S), rather than reporting the surface density at a single flux density
value approximated as an average of our survey sensitivity over the primary beam.
Because the transient search is conducted over nearly the entire primary beam
FQOV, each epoch of our survey has non-uniform sensitivity, with the best and worst
sensitivities achieved at zenith and 10° elevation angle, respectively. However, for a
transient population described by a luminosity function with power law y, varying
sensitivity corresponds to probing different parts of the luminosity distribution, and
therefore the number of transients we can expect to detect within the volume probed
by our survey is a function of sensitivity and the corresponding fraction of the sky

covered by each sensitivity. Using Equation 4.3, we can write

P(0) = e P5(9)) Qwr(rﬁ), 4.4)
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-y
where p(S(¢)) = po (%f)) and Qior(#) = (Ning. epochs — 1) X Qrov(¢). The flux
density to which we are sensitive is a function of zenith angle ¢, and determined
by the primary beam gain pattern, which we approximate as cos!®(¢). We can

therefore write Equation 4.4 as

_po(w)ﬂ/x (Nind.epochs_l) 27 sin pd¢
P(O) =e ¢ ) (4'5)

where Syenith = 6.507nith iS our transient survey detection limit at zenith. Under
the assumption of y = 3/2 for a standard candle population distributed uniformly
in Euclidean space, the 95% confidence level on the transient surface density as a

function of flux density, p,(S,), becomes

o\Po) = S , .
(Nind. epochs — 1) 2n /Oé() cos!-67 ¢ sing d¢ So
ln 0.05 6.So-zenith 3/2 -1
S)y=— , 4.7
pO( 0) (Nind.epochs - 1) 0.6 ( So ) - ( )

where 0 enin for each timescale probed is given in column 2 of Table 4.3.

With the exception of the five transient detections at > 150 MHz by Murphy et
al. 2017, Jaeger et al. 2012, Hyman et al. 2002, Hyman et al. 2005, and Hyman
et al. 2009, and the detections by Stewart et al. 2016 and Varghese et al. (ApJ
submitted) of transients at 60 MHz and 34 MHz, respectively, all of the transient
surveys shown in Figure 4.6 were only able to place upper limits on the transient
rate at low frequencies. We note that in the case of the three detections by Hyman
et al. 2002; Hyman et al. 2005; Hyman et al. 2009, all were found in targeted
observations of the galactic center and, based on their brightness temperatures and
very low spatial volume covered by these surveys, are most likely located in the
galactic center and therefore extrapolation of the detection of these objects to an
all-sky rate is not applicable. In the case of the detection by Jaeger et al. 2012,
the transient has a much longer timescale than what is probed in the bulk of our
survey, and was also found at significantly higher frequencies, indicating a potential
source population to which our survey would not be sensitive. The transient found
by Stewart et al. 2016 was detected at the same frequency and timescale probed by

the OVRO-LWA transient survey and at a comparable sensitivity, with a reported
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rate of 3.93%7 x 107*d~! deg™2, corresponding to a detection of 8.43‘108 such
events in our survey. However, its detection by LOFAR at 60 MHz with a 200 kHz
bandwidth cannot constrain the spectral index or intrinsic bandwidth of emission for
this event. The probability of our null detection of this potential transient population
is 1.9t?f‘94 x 1073, which allows us to rule out a transient rate > 1.4 x 1074 d~! deg™
with 95% confidence. However, this is under the assumption of a flat spectral index
and that the emission is broadband in nature. Figure 4.7 shows the probability
of our null detection for a range of assumed spectral indices @ and flux density
distributions y. If, however, the emission is of a narrow bandwidth relative to our
observations, our sensitivity to this event decreases by a factor AvVinginsic/AVobss
where Avgps = 58 MHz is our survey bandwidth. Figure 4.8 shows the transient
surface density limits placed by our survey as a function of flux density, for a range

of flux density distributions .

4.6 Conclusion and Future Directions

We have placed the most constraining limits on the transient surface density on
timescales of 13s to a few minutes and at frequencies below 100 MHz, with 31
hours of data from the OVRO-LWA. No transients were discovered on 13s, 39s,
2 min, or 6 min timescales, nor in the 7 hours of data that had a corresponding
overlap in LST and that allowed us to search up to timescales as long as 1 d and 35 d.
From our non-detections, we place an upper limit to the transient surface density of

2.5 x 1078 deg 2 at the shortest timescales probed at a flux density of 10.5 Jy.

The non-detection of any sources akin to the transient event detected by Stewart
et al. 2016 allows us rule out a rate > 1.4 x 1074 d™! deg_2 with 95% confidence,
under the assumption of a flat spectrum and wide-bandwidth for this event. We
further rule out a range of power-law luminosity distributions and emission spectral
indices for the potential population detected by Stewart et al. 2016, indicating that the
event is likely narrow-band in nature. We note, however, the danger of conducting
putative population rates with a transient detection of one — the transient uncovered
by Stewart et al. 2016 could indeed have been the first detection of a population,
but a uniquely bright outlier from that population. The event rate drawn from that

single detection could therefore be vastly overestimated.

The non-detection of the population implied by the transient detected by Stewart
et al. 2016 can be used to inform the design of future planned surveys with the
OVRO-LWA. The next transient survey will use additional data taken with the Stage
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II OVRO-LWA in 2018 March continuous 120 hours of observations. The duration

of this dataset enables the transient search pipeline to operate entirely on difference
images formed from sidereally matched integrations. This allows us to probe all
timescales (between the integration time of 13s and the maximum separation of
identical LSTs of 5d) simultaneously, while avoiding the issues associated with
sidelobe confusion and incomplete sky subtraction for diffuse emission away from
zenith that cause an increase in noise on longer timescales. This transient survey
will also feature sub-band searches in order to provide a better matched-filter in
frequency space to the transient detected by Stewart et al. 2016, as well as blind
transient injections to better constrain the transient surface density probed as a

function of sensitivity, timescale, and frequency parameters.

Finally, the stage III OVRO-LWA, which is scheduled to begin construction in mid-
2019, will provide orders of magnitude more sensitivity to transient events, with
the stated goal of 1000 hours for the first transient survey with the completed array,
and 150 mJy sensitivities. In addition, mapping of individual dipole beams (a stated
technical goal for the final stage array) will eliminate the sidelobe confusion that
necessitates peeling, and enable us to integrate down in order to achieve better

sensitivity on timescales longer than the 13 s integration time.
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Figure 4.6: Radio transient phase space plot, showing the transient surface density
as a function of flux density limits and timescales probed, for this and previous
blind transient surveys (see Table 4.1 for an overview of all surveys included in
this plot). The surface density limits for each survey are colored according to the
timescale probed, covering timescales as short as 5 s (Obenberger et al. 2015b) to
as long as 3 years (Murphy et al. 2017). This is a critical parameter, as surveys
providing surface density limits at comparable sensitivities may be probing very
different timescales and therefore very different regions of phase space and potential
transient populations. The same is true of frequency. Surveys conducted below
100 MHz are marked with a circle, those between 100-200 MHz are marked with
a square, and those between 200-350 MHz with a triangle. All points on the plot
denote upper limits with the exception of the seven transient detections that are
marked in bold. The solid gray lines denote hypothetical transient populations
under the generic assumption that the population is a standard candle in a Euclidean
universe, i.e., N(> S) o« §77 where N is the number density of sources, S is the
flux density, and y = 3/2. The limits (or detections) placed by transient surveys
are necessarily a combination of sensitivity and total area surveyed, and it is often
the case that tradeoffs must be made to improve one of these factors over the other.
The optimal combination of these two parameters (and therefore how deep or wide
a survey probes) depends on the goals of the survey or the source population(s) it
is targeting. Also shown in this figure are the limits we expect to achieve with the
OVRO-LWA in future surveys, first with the 120-hour transient survey with the stage
IT OVRO-LWA, and finally with the completed stage IIl OVRO-LWA utilizing 1000
hours of data capable of achieving 150 mJy snapshot sensitivity.
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Figure 4.7: Probability of a null detection in the OVRO-LWA 31-hour survey of the
potential population indicated by the event detected by Stewart et al. 2016, given
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distribution y and source spectral index «, using Equation 4.4.
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at in our survey for a maximum intrinsic bandwidth of 195 kHz (the bandwidth of
the survey by Stewart et al. 2016).
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Chapter 5

MONITORING 4000 STELLAR SYSTEMS SIMULTANEOUSLY
TO SEARCH FOR STELLAR AND PLANETARY RADIO
EMISSIONS WITH THE OVRO-LWA

Abstract

Recent results from our own solar system demonstrate the importance of not only
stellar magnetic activity, but also the critical importance of planetary magnetic field
strength, in determining the conditions for planetary habitability. The detection of
planetary radio emission from objects beyond the solar system will provide the first
direct measurements of exoplanetary magnetic field strengths, as well as provide in-
sight on the degree to which those magnetospheres can shield exoplanet atmospheres
against the surrounding space weather environment of their host star. Despite obser-
vations spanning nearly 35 years, searches for direct detection of exoplanetary radio
emission have resulted in non-detections. Stellar Type II radio bursts indicative of
coronal mass ejections, and a sign of the high energy particle environment for po-
tential planets also remain elusive. However, these previous searches were limited
by a number of factors, including observations above ~100 MHz, and the targeting
of single systems at a time for relatively short-duration observations that would be
insensitive to rare brightening events associated with coronal mass ejections. These
rare brightening events are similar to what is observed from Earth’s auroral radio
emission, which can increase by orders of magnitude for factors of a few increase
in solar wind speed. I present here the preliminary results of a search for stellar and
planetary radio emission using 31 hr of data from a sample of nearly 4000 stellar
systems out to 25 pc, with the OVRO-LWA. This is by far the largest survey at radio
frequencies for either stellar bursts or exoplanetary radio emission, and required the
development of polarization calibration techniques for the OVRO-LWA in order to

achieve sensitivities close to the thermal limit in Stokes V image data.

5.1 Introduction

Our growing understanding of the history of the solar system demonstrates the
importance of stellar magnetic activity, as well as the critical importance of the
presence and strength of planetary magnetic fields, in redefining planetary habit-

ability. The young Sun was significantly more magnetically active than in the present
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day, powered in part by its faster rotation rate (Ribas et al. 2005). This manifested
in a denser and faster steady-state solar wind, as well as a higher occurrence rate
of flaring and coronal mass ejection (CME) events (GrieBmeier et al. 2005). The
vastly different fates of Earth and Mars’ atmospheres under these conditions in the
early solar system are attributable to the respective strengths of their magnetic fields,
and the inability, in the case of Mars” magnetosphere, to shield against atmospheric
escape during CME impacts (Jakosky et al. 2015). The presence and strength of
Earth’s magnetic field was key in shielding our atmosphere from solar magnetic
activity, and therefore in preserving its habitability. This interaction between the
solar wind and planetary magnetosphere has an observable in the form of planetary

auroral emission.

Exoplanet Radio Emission

All the magnetized planets in the solar system exhibit auroral emission in some
form (Zarka 1998), which can span from low radio frequencies up to IR through
UV and X-ray emission. Auroral radio emission affords the best contrast between
stellar and planetary emission — Jupiter’s auroral emission, for example, can outshine
the quiescent Sun at decameter wavelengths and can have comparable intensity to
solar radio bursts (Zarka 1998). Therefore, auroral decametric emission (DAM),
if it can be detected from exoplanets, offers a unique opportunity for the direct
detection of exoplanets and the characterization of their extrasolar space weather
environments. DAM due to magnetic storm-driven aurorae would provide a direct
measure of exoplanetary magnetic field strength, and provide insight into the ability
of the magnetosphere to shield the atmosphere from its space weather environs. By
measuring planetary and stellar magnetic activity for nearby stellar systems over
a range of mass and age, we can begin to form a more complete picture of the
relationship between planetary magnetospheres and stellar activity, and the impact

of both on exoplanetary atmospheres and the implications for habitability.

Beyond the solar system, similar auroral emission has been detected in ultracool
dwarfs (UCDs) across a range of spectral types from M9 to T6 (e.g., Hallinan
et al. 2007; Berger et al. 2009; Route and Wolszczan 2012; Hallinan et al. 2015;
Kao et al. 2016). As in the case of planets, this detected radio emission is a tracer
for magnetic activity and magnetic fields on UCDs. The auroral radio emission
is powered by the electron cyclotron maser instability (ECMI), which produces
coherent emission at the local cyclotron frequency v, (MHz) = 2.8 B(G). Thus

there is a strict maximum emission frequency which corresponds to the maximum
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magnetic field strength. The GHz-detections of radio UCDs indicates kG magnetic
field strengths. In order to detect exoplanetary radio emissions, we must push
down into the tens of MHz regime, where field strengths are of the order 10 G

(extrapolating from Jupiter).

Previous attempts at detecting planetary radio emission by targeting known hot
Jupiter systems have resulted in non-detections (e.g., Lazio and Farrell 2007; Lecave-
lier Des Etangs et al. 2009; Lazio et al. 2010b; Hallinan et al. 2013; Murphy et
al. 2015; Bower et al. 2016). There are several reasons why these surveys failed
to detect exoplanetary radio emission. First, observations targeting known hot
Jupiter systems were largely restricted to frequencies > 100 MHz. While estimates
of planetary magnetic field strengths remain largely uncertain, models constructed
using parameters (either measured or extrapolated from Jupiter) such as planetary
radius, internal structure and composition, and rotation rate, combined with host
star CME and stellar wind models, can be used to estimate the maximum frequency
and strength of emission. GrieBmeier, Zarka, and Spreeuw 2007 find that for known
extrasolar planets, v, < 200 MHz, and for those planets with v. > 70 MHz, the

radio flux is negligible.

Second, the emission is highly beamed at nearly 90 degrees from the magnetic field
at the source location, which results in the emission being modulated by the planetary
rotation period (for Jupiter, Q ~ 1.6 sr; Zarka 1998). This means observations must
be continuous over the entire planetary rotation period to verify the presence of
auroral radio emission. Indeed, a subset of systems might never be detectable due
to unfavorable viewing angles. Previous observations often targeted only one or
two known hot Jupiter systems at a time, and for only a fraction of their estimated

rotation periods.

Third, the strength of emission is strongly dependent on incident stellar wind flux
and the amount of power deposited into the planetary magnetosphere (Gallagher
and Dangelo 1981; Gurnett et al. 2002). Predictions for the expected radio power
for known exoplanets can be made using the empirically derived radiometric Bode’s
law, by extrapolating up from solar system objects into the regime of exoplanets,
particularly the close-in hot Jupiter population that experiences a much larger inci-
dent solar wind power (Lazio et al. 2004). In addition, predictions for the expected
radio power using more detailed models incorporating predicted properties of the
planetary magnetosphere as well as varying host stellar wind conditions predict flux
densities as high as 100s of mJy (GrieBmeier, Zarka, and Spreeuw 2007). Addi-
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tional substantial increase in flux is expected for CME-driven events — this is seen
in our own solar system, where the Earth’s radio flux can increase by three orders of
magnitude for factors of a few increase in solar wind speed (Gallagher and Dangelo
1981). CME-driven events are rare, but could potentially be more frequent for 1)
close-in planets, 2) planets orbiting young, more magnetically active stars, and 3)
planets around M dwarfs, which are extremely magnetically active, producing more
frequent and energetic flares than the Sun, and which remain active over a longer
lifetime (Osten and Wolk 2015). In order to be sensitive to these rare brightening
events, we need to monitor thousands of systems over an extended period, rather than
targeting single objects for a few hours at a time. Thus, wide-field, long-duration
surveys at low frequencies (< 100 MHz) with the capability of monitoring thou-
sands of objects simultaneously are needed to detect exoplanetary auroral emission.
However, understanding the degree to which CME energies and occurrence rates
extrapolate with stellar flare energies and frequencies remains an open question and

motivates monitoring for stellar radio bursts as well.

Stellar Type II-like Bursts

Wide-field, long-duration surveys at low frequencies are also critical for the detection
and characterization of stellar flares and CMEs from nearby active stars. Solar
radio bursts exhibit a wide range of characteristics and emission mechanisms, all of
which provide information on the conditions (e.g., plasma densities and atmospheric
scale heights, magnetic field strengths and configurations, particle acceleration
mechanisms) in the solar corona (Bastian, Benz, and Gary 1998). Systematic
detection of similar radio bursts on other stars will allow us to probe these conditions
and degree of magnetic activity for objects over a range of spectral type, as well as
place exoplanets and any potential auroral emission in a more complete context of
habitability indicators. Stellar radio bursts have been detected and well-studied for
a sample of nearby, magnetically active M dwarfs; these studies have indicated that
M dwarf bursts can be orders of magnitude more luminous than the brightest solar
bursts (e.g., the radio burst detected from M dwarf Wolf 424 by (Spangler and Moffett
1976), which peaked above 5 Jy at frequencies below 200 MHz). However, previous
surveys of nearby active M dwarfs did not have sufficient spectral information
to further classify radio bursts, and as a result there has never been a definitive
detection of a stellar CME as inferred via a Type II-like burst. Type II bursts
are powered by CMEs propagating through the corona, accelerating electrons at

the shock front of the ejected plasma. The resulting plasma emission traces the
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movement of the shock front through the corona and out through the interplanetary
medium, sweeping down in frequency as it propagates out to regions of lower density
(vp (kHz) ~ 9 \/m). Solar Type II bursts typically occur at low frequencies,
in regions of the corona where the plasma frequency v, < 100 MHz, corresponding
to heights in the corona where the CME velocity can exceed the local Alfvén speed,
thereby creating the conditions necessary for shock formation (Liu et al. 2009). The
bursts drift in frequency alongside the shock speed, and generally produces emission
in two bands, at the fundamental and first harmonic of the plasma frequency (Wild,
Murray, and Rowe 1954). Wide band, low frequency searches are optimal for
detecting and characterizing radio bursts from nearby active stars. And, as in the
case for exoplanetary auroral emission, a wide-field search that enables simultaneous
monitoring of thousands of systems, rather than the targeting of individual objects,
is needed to increase the chances of detecting rare but extremely bright events. See

Table 5.1 for a list of previous surveys targeting exoplanetary radio emission.

Flare—CME Scaling Relations

Type II radio bursts have never been directly observed from other stars, but are
predicted to occur based on their association with solar CMEs. Detecting these
bursts from other stars would be a direct indicator of the release of a CME — solar
CMEs are not always accompanied by a Type II burst, but every Type II burst
coincides with a CME (Gopalswamy et al. 2001). To date, inferences about the
magnetic activity and plasma environment of stars have come from observations
of stellar flares (primarily in X-rays) and the application and extrapolation of solar
flare—CME relations to these objects. Aarnio et al. 2011 established an empirical
relation between flare flux (as measured in X-rays) and CME mass that spans 3
orders of magnitude. Osten and Wolk 2015 use energy equipartition between
the bolometric radiated flare energy and the kinetic energy of the ejected mass
to predict transient mass-loss associated with CMEs from solar flares. However,
the connection between solar flares and CMEs remains an empirical one — while
the underlying mechanism for generating the two phenomena is likely related to
magnetic eruptions and reconnection events in the corona, CMEs are not generated
as a result of flares, and vice versa (Gosling 1993). In addition, it’s unclear how far
the extrapolation from solar trends extends in flare flux and across different stellar
spectral types, ages, rotation, and levels of magnetic activity. The transient mass loss
rate from the sun, extrapolated up according to more energetic and frequent flares

on magnetically active stars implies a transient mass loss rate that is approaching
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steady state, with orders of magnitude more mass loss than what is seen in the Sun.

Understanding how transient mass loss scales with magnetic activity in the form of
flares is critical in the context of habitability — the majority of stars are M dwarfs,
which are also the most likely hosts of habitable zone rocky planets (Dressing and
Charbonneau 2015). However M dwarfs are also more likely to create a long-lived,
hostile circumstellar environment, given the age-rotation-activity relation (West et
al. 2008). Increased magnetic activity, including higher energy radiation flux and
increased transient mass loss events means the potential for the erosion of planetary
atmospheres and conditions unlikely to foster habitability (see, e.g., Khodachenko
et al. 2007; Lammer et al. 2012; Ribas et al. 2016; Vidotto et al. 2013). However,
whether higher levels of magnetic activity correspond to more frequent and extreme
transient mass loss events is an open question, and behavior indicating otherwise is
seen even in the Sun, whereby the presence of strong magnetic fields overlying solar
active regions can slow down or even suppress the release of CMEs, indicating that
the presence of strong, dipolar magnetic fields in M dwarfs might similarly suppress
CME:s (Sun et al. 2015; Alvarado-Gémez et al. 2018). In addition, extrapolation of
the flare—CME relation for the Sun to more active stars implies an unsustainable mass
loss rate that is up to four orders of magnitude higher than that of the Sun (Drake
et al. 2013).

Previous attempts to search for stellar CMEs in the optical (Leitzinger et al. 2014) and
radio (Crosley et al. 2016; Crosley and Osten 2018; Villadsen and Hallinan 2019)
have yielded no evidence of CMEs, however there have been multiple detections
of coherent radio bursts from active stars indicative of auroral processes similar to
what are seen on UCDs (Lynch et al. 2017; Crosley and Osten 2018; Villadsen and
Hallinan 2019). A systematic search of not only active stars, but of stellar systems
spanning a range of spectral types, ages, and magnetic activity levels are needed to
understand transient mass loss behavior across a wide range of host stars, as well as
establish a sample size large enough to catch these potentially rare events. Radio
detections of both stellar CMEs and planetary auroral emission have the potential to
inform habitability searches at other wavelengths — particularly space missions like
HabEx that will be searching for atmospheric signatures in exoplanets as a signpost
for habitability.
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5.2 Observations

31-hour Survey

To search for stellar and planetary radio emission, we used 31 hours of OVRO-LWA
observations, which in addition to being used for the first extrasolar space weather
survey with the OVRO-LWA, were also utilized for placing limits on coherent
low-frequency radio emission associated with compact object mergers (Anderson
et al. 2018) and for conducting the most sensitive blind transient survey at low-
frequencies to-date (see Chapter 4). Observations were conducted for 3 hours on
2017 January 12 between 01:02— 04:02 UTC and for 28 hours from 2017 February
17 12:00 — 2017 February 18 16:00 UTC. This near-continuous set of 31 hours
of observations means that we can continuously monitor all target systems while
they are above the horizon. The approximately ~20,000 deg? field-of-view of the
OVRO-LWA makes possible the simultaneous targeting of thousands of systems.
The 10’ resolution sufficient for localizing any transient radio emission indicative
of stellar Type II bursts or exoplanetary auroral emission to known stellar systems,
given the surface density of such systems out to 25 pc, the most realistic distance to

which any extrasolar space weather-related emissions would be detectable.

The gain stability of the OVRO-LWA antennas means calibration can be performed
on the timescale of once per 24 hours. Calibration was performed with a single
snapshot observation (13 s) on 2017 January 11 20:26 UTC and another on 2017
February 17 18:02 UTC, with both calibration integrations taken when Cygnus A
was at its highest elevation. Calibration was performed using a simplified 2 point
source sky-model of Cygnus A and Cassiopeia A, the two brightest sources in the
low-frequency sky, with short baselines (< 151) flagged to mitigate the effects of the
diffuse galactic synchrotron emission, using the flux and spectral indices reported
by Baars et al. 1977 and Perley and Butler 2017, respectively. Using this sky-model,
the complex (amplitude and phase) antenna gains are determined on a per-channel
basis using the Common Astronomy Software Applications (CASA; McMullin et
al. 2007) bandpass task. The visibility data are flagged for ill-behaved antennas
(due primarily to power issues with the antenna or significant amounts of cross-talk
in the analog signal path), baselines (due primarily to cross-talk of adjacent lines in
the analog signal path), and channels (usually due to RFI). In total, approximately
40% of visibilities are flagged per integration, the vast majority of which are due to

the large number of antenna flags (50 out of 256).

Additional direction-dependent (DD) calibration and source subtraction (peeling)
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is performed for every integration, with DD gain solutions derived without short
baselines (< 1041) to mitigate the the effect of diffuse galactic synchrotron emission.
The DD gains are derived in the directions of Cyg A and Cas A, as well as for a
generic near-field source that is used to subtract the effect of mutual coupling in
the visibilities. Peeling is performed using the TTCal calibration software package
developed for the OVRO-LWA (Eastwood 2016). Imaging and deconvolution are
done with WSClean (Offringa et al. 2014), with the full FOV imaged across 4096
X 4096 pixels, using a pixel scale of 1.875" and a robust visibility weighting of
0 (Briggs 1995).

A single snapshot total intensity (Stokes I) image from the OVRO-LWA contains
thousands of point sources, diffuse emission from the galaxy, and is confusion-
limited at 13s. A major advantage in conducting a survey for extrasolar space
weather is utilizing circular polarization (Stokes V) maps — in addition to being able
to verify and more fully characterize any potential emission, which in the case of both
Type II radio bursts and auroral radio emission, should be fractionally or as much
as 100% circularly polarized, the radio sky is largely empty of quiescent circularly
polarized emission. The effect is to remove the proverbial haystack from the needle
— Stokes V images are empty of emission, and are able to achieve sensitivities much
closer to the thermal noise limit because of the lack of quiescent point sources to
create confusion noise. Searches for transient radio emission in Stokes V space
are therefore both easier and more sensitive. However, sufficiently calibrating the
cross-hand (XY) phase of the array is a significant technical challenge — we address
the source of these challenges and techniques for mitigating them in the following

section.

Polarization Calibration for Stokes V Images

Traditional polarization calibration techniques rely on the measurement of a source
of known polarization, within a narrow region at the center of the antenna field-
of-view, where the instrumental polarization is well-behaved. This is necessary
for accurately calibrating the relative phase relationship between the gains of the
orthogonally polarized receivers (e.g., between the array of X dipoles and the array
of Y dipoles; Sault, Hamaker, and Bregman 1996). This is not achievable with
the OVRO-LWA - a wide field-of-view encompassing the full dipole primary beam
means that (1) instrumental polarization in the beam increases away from zenith
(with a complicated dependence on azimuth and elevation); (2) you cannot isolate

the flux of a single source of known polarization from the rest of the (much brighter)
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sky; and (3) there is not a source with sufficient polarized flux with which to calibrate.

Techniques exist to mitigate these effects, including that used for the Murchison
Widefield Array (MWA; Tingay et al. 2013) by Lenc et al. 2017 who use galactic
diffuse emission in Stokes U and V to solve for the X-Y phase of the array, using
the fact that there should be no circularly polarized diffuse emission and that the
linearly polarized diffuse emission has high SNR. Further corrections for leakage
in the Stokes V images are made by again utilizing the assumption that the Stokes
V sky should be empty of emission, and fitting a surface across the beam using the
measured Stokes V flux of point sources, and subtracting this flux from the Stokes V
map (Lenc et al. 2018). This empirically derived fit for the leakage in Stokes V does
not correct for phase errors in the Stokes V maps, which will affect the amount of
flux present for any true sources of circularly polarized emission. And the utilization
of linearly polarized diffuse emission as calibration source for the X-Y phase of the
array cannot account for the varying leakage across the beam nor correct for the the
effects of cross-talk between adjacent dipoles and lines in the signal path coupling

emission from the X array into the Y array, and vice versa.

For the OVRO-LWA, we utilize the highly polarized dipole beam to calibrate the
X-Y phase of the array using the instrumental polarization imparted to the 2 brightest
sources in the sky, Cas A and Cyg A. This is a novel technique that incorporates a
simulated LWA-dipole beam model that allows us to perform polarization calibra-
tion with intrinsically unpolarized sources, and then apply a beam-wide complex
gain correction that takes into account the DD effects of the polarized primary
beam. Using a Method of Moments model for an ideal LWA dipole with ground
screen (D. Woody, internal memo), a complex voltage pattern is generated at a grid
of azimuth, elevation, and frequency points for a single dipole. From this, a full
crossed-dipole primary beam pattern can be generated for all four Stokes parameters
as a function of frequency. We can use the simple 2-point source sky model from
before, this time imparting an instrumental polarization to both sources according to
the beam model. This polarized source model can be used to solve for the complex
gains, as well as the correct relative phase between the X and Y arrays; an additional
DD correction is made in the final images by applying the beam in image space
as a DD Jones matrix. Figure 5.1 shows the corresponding Stokes I and V images

following the implementation of the polarization calibration method.
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Figure 5.1: Snapshot, full bandwidth image from the OVRO-LWA in Stokes I total
intensity (left) and Stokes V circular polarization (right). The flux density colorscale
in the Stokes I image is set from -23 to 47 Jy. In the Stokes V image, itis set from -5 to
5Jy. The noise towards zenith in the Stokes V image is approximately 450 mJy. The
point sources that are visible in the Stokes V image are not intrinsically polarized, but
are present due to instrumental leakage, however the leakage is relatively minimal,
and is at maximum at low elevations in the beam at the 10% level. Cas A and Cyg
A have been peeled from all 4 correlation products (XX, XY, YX, YY).

5.3 25 Parsec Sample

Figure 5.2 shows the number and distribution of objects contained in the assembled
catalog of all systems out to approximately 25pc. All 3820 objects are being
searched, in both Stokes I and V, across the duration of the 31 hr dataset, for
variability or transient emission indicative of stellar or planetary radio emission.
Example light curves are shown in Figure 5.3 for the M6 flare star UV Ceti, the K2
star Epsilon Eridani, and the K5+K7 system 61 Cygni. An initial 100 cut on each of
the light curves was made to search for transient events, which yielded no candidate

bursts.

Figure 5.4 shows the current sensitivity limits that have been placed with the sample
thus far. Further statistical analysis is underway to verify whether any transient
emission indicative of stellar radio bursts is present in any of the light curves.
Particularly in the case of stellar bursts, we are likely just skimming the edge
of detectability. Additional increases in sensitivity, as well as longer monitoring
periods to increase the likelihood of observing rare brightening events, will be key
for detecting the first stellar CMEs.
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Figure 5.2: The 25-pc sample, containing 3820 objects. As expected, the sample
is dominated by M dwarfs. Source are compiled from 1) the Kirkpatrick et al.
2012 8-pc volume-limited sample; 2) the Dwarf Archives database of Kirkpatrick
et al. containing all known, spectroscopically determined L, T, and Y dwarfs; 3)
the Gliese Catalog of Nearby Stars, 3rd Edition; 4) the Sion et al. 2014 white dwarf
25-pc sample; and 5) the M dwarf 25-pc sample c/o Evgenya Shkolnik. We have
excluded sources below —33° declination.
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Chapter 6

A CANDIDATE TIDAL DISRUPTION EVENT DISCOVERED
WITH THE CNSS RADIO TRANSIENT SURVEY

Marin M. Anderson!, Kunal P. Mooley?'!, Gregg Hallinan!, Dillon Dong!

Abstract

We present the discovery of an unusual nuclear radio transient at 3 GHz with the
Karl G. Jansky Very Large Array (VLA), as part of the Caltech—-NRAO Stripe 82
Survey (CNSS). This source, CNSS J001947.3+003527, exhibited a rapid turn-on,
increasing in flux density by almost 2 orders of magnitude at 3 GHz from a 30~ upper
limit of ~ 0.14 mJy to a flux density of 4.4 + 0.1 mJy on a timescale of ~1 yr. The
location of CNSS J0019+00 in the nuclear region (< 1 pc) of a nearby (z = 0.018)
galaxy and its radio spectral evolution indicates a likely tidal disruption origin for
this event. The radio observations are consistent with a 10*kms™! outflow with
a peak 3 GHz radio luminosity of 5 x 102 ergs™! Hz™!, and indicate this is the
first radio-discovered TDE and another of a growing class of radio-detected thermal
tidal disruption events (TDEs) that includes ASASSN-14li and XMMSL1 J0740-85.
Notably, however, this transient was not accompanied by a detection in X-rays, UV,
or optical wavelengths, and we discuss alternate origins for this event, including
renewed AGN activity. The implied rates from CNSS indicates there could be as
many ~100 such events present in each epoch of the VLA Sky Survey.

Key words: accretion, accretion disks, galaxies: nuclei, radiation mechanisms:

non-thermal, techniques: interferometric

6.1 Introduction

The passage of a star within the tidal radius of a galaxy’s central supermassive
black hole (SMBH) results in the disruption of the star by the tidal field of the
SMBH. The distance from the SMBH at which this tidal disruption event (TDE)
occurs is a function of the mass of the SMBH, as well as the mass and radius of the
disrupted star (Hills 1975). For a (non-spinning) SMBH with mass M < 108 M,

ICalifornia Institute of Technology, 1200 E California Boulevard MC 249-17, Pasadena, CA
91125, USA
2National Radio Astronomy Observatory, P.O. Box O, Socorro, NM 87801, USA



127

disrupting a solar type star, this distance is greater than the Schwarzchild radius of
the BH and the stellar material will not be swallowed whole. Instead, approximately
half of the stellar mass is accreted onto the SMBH, while the other half is ejected,
and a luminous flare is produced that can be observed across the electromagnetic

spectrum.

Theoretical predictions for TDEs recognized the potential for at first verifying the
existence of, then later probing the central regions around, SMBHs that were usually
otherwise dormant at the centers of galaxies (Hills 1975; Rees 1988; Phinney 1989).
TDEs were predicted to result in bright flares with super-Eddington luminosities
peaking in the soft X-ray and UV bands. These theoretical predictions were found
to be consistent with the observational behavior of thermal TDEs, which were first
discovered in the soft X-rays, with subsequent discoveries in the soft X-rays and
UV (see Komossa 2015 and Lodato et al. 2015 for reviews of TDE observations
and theory, respectively). The discovery of Swift J1644+57 (Levan et al. 2011),
with its extremely luminous hard X-ray (Burrows et al. 2011) and radio (Zauderer et
al. 2011) emission indicative of a relativistic outflow from a collimated jet, revealed
the existence of non-thermal TDEs (Bloom et al. 2011), and their ability to serve as
a laboratory for testing the connection between accretion and launching of jets, as
well as measuring SMBH spin (Giannios and Metzger 2011; van Velzen, Kording,
and Falcke 2011).

Since the first discovery of TDEs with ROSAT (Bade, Komossa, and Dahlem 1996),
there are more than 30 known TDEs, with discoveries being made increasingly in
optical surveys, as well as UV and X-rays. Of the known TDEs, 5 have definitive
radio detections, including Swift J1644+57 (Zauderer et al. 2011; Berger et al. 2012;
Zauderer et al. 2013; Eftekhari et al. 2018) and another jetted, non-thermal tidal
disruption event, Swift J2058+05 (Cenko et al. 2012). IGR J12580+0134 is also
likely a non-thermal TDE, with a relativistic jet that is viewed off-axis (Nikotajuk
and Walter 2013; Irwin et al. 2015; Lei et al. 2016). More recently, ASASSN-
141i (Alexander et al. 2016) and XMMSL1 J0750-85 (Alexander et al. 2017) were
characterized by radio emission showing sub-relativistic outflows, indicating that
these are the first thermal TDEs with detected radio emission, and revealing the
possibility that all TDEs are accompanied by radio emission, with earlier non-
detections (Bower 2011; Bower et al. 2013; van Velzen et al. 2013; Chornock
et al. 2014) a result of their lower radio luminosities — both ASASSN-141li and
XMMSLI1 J0750-85 were relatively nearby, z < 0.02, whereas the median TDE
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redshift is approximately z ~ 0.1 (Komossa 2015). While the number of detected
TDEs is expected to grow rapidly given the rise of time-domain optical surveys (e.g.,
ZTF, ASASSN, Pan-STARRS, and eventually L.SST), the recent radio detection of
thermal TDEs indicates the potential for radio surveys to contribute to the TDE
discovery space, as well as follow-up detections, with a detection rate potentially
unaffected by obscuration, thereby offering a different window on TDE event rates

and host classes.

Here we present the discovery of the radio transient CNSS J001947.3+003527, here-
after CNSS J0019+00, identified in the Caltech—-NRAO Stripe 82 Survey (CNSS),
and located in the nucleus of a nearby (z = 0.018) galaxy. CNSS J0O019+00 is likely
a TDE, and if so, is the first such radio-discovered event, as well as another entrant
in the class of radio-detected thermal TDEs akin to ASASSN-14li and XMMSL1
JO740-85. In Section 6.2 we describe the discovery of CNSS J0019+47 and the sub-
sequent follow-up observations at radio, X-ray, and optical wavelengths. Section 6.3
describes the model fits to the follow-up radio spectra, and how they point to a sub-
relativistically expanding outflow. Section 6.4 discusses the potential explanations
for the origins of CNSS J0019+47, including the likelihood that this is a thermal
TDE event as well as alternative explanations to the tidal disruption scenario. In
Section 6.5, we describe the implications that the first radio-discovered TDE has on

detections of TDEs in future radio surveys.

6.2 Observations

Caltech—-NRAO Stripe 82 Survey

CNSS is a five-epoch survey with the National Radio Astronomy Observatory
Karl G. Jansky Very Large Array! (VLA; Perley et al. 2011) at S band (2-4 GHz)
that was carried out between December 2013 and May 2015. It was designed to
probe timescales of days, months, and years, and thus significantly advance the
understanding of slow transient phenomena in the radio sky. Each epoch of CNSS
covers the full ~270 deg? Sloan Digital Sky Survey (SDSS) Stripe 82 region with a
uniform single-epoch sensitivity of ~80 uJy and a spatial resolution of ~3”. Through
the use of On The Fly (OTF) mosaicing (Mooley et al. 2019), CNSS combines
shallow mapping of the sky with the sensitivity of the VLA, ensuring the delivery
of high survey speed without being compromised by large overheads due to slewing

between target fields. The results from the 50 deg” pilot survey were presented

!'The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.



129

in Mooley et al. 2016, and included the discovery of radio transients consistent with
an RS CVn binary and a dKe star. The full catalog of transients detected in the
CNSS five epoch survey will be presented in an upcoming paper (Mooley et al., in
prep). CNSS was designed as a pathfinder for wide-field radio surveys, including
the VLA Sky Survey (VLASS).

CNSS J001947.3+003527

CNSS J0019+00 was detected in CNSS epoch 4 on 2015 March 21 at a 3 GHz flux
density of 4.4 + 0.1 mJy at the position (R.A., decl.) = (00" 19™475.3, +00°35'27").
It was not detected in the first three epochs of CNSS between December 2013
and February 2014 at a 30~ upper limit of ~0.14 mJy in the combined epochs 1-3
coadded image, and was therefore identified as a candidate transient event. There
is no coincident source in the Faint Images of the Radio Sky at Twenty-cm (FIRST;
Becker, White, and Helfand 1995) survey, with a 0.5 mJy 30" upper limit at 1.4 GHz
(mean epoch 1999) at the location of CNSS J0019+00. By CNSS epoch 5 on 2015
April 19, the transient had increased to a 3 GHz flux density of 5.1 + 0.1 mJy.

Identification of extragalactic transients was done through the cross-matching of
radio transient candidates with galaxy catalogs for the local universe, which are
typically developed for gravitational wave (GW) event follow-up. We make use
of the Census of the Local Universe (CLU; Cook et al. 2017) to identify objects
out to a volume of 200 Mpc, for which we expect a very low false positive rate
due to background AGN. CNSS J0019+00 was the only significant extragalactic
transient identified on timescales shorter than the duration of the survey, rather than
through comparison to existing surveys (e.g., FIRST). Cross-matching with CLU
and SDSS established that CNSS J0019+47 is coincident with the nucleus of a
Seyfert 2 galaxy at a distance of 77.1 Mpc (z = 0.018). Radio, X-ray, and optical
follow-up observations of CNSS JO019+00 were immediately scheduled. Figure 6.1
shows the 3 GHz light curve and observation timeline for CNSS J0019+00.

VLA Observations

Following the discovery of CNSS J0019+00 in 2015 March, we continued to monitor
the source with the VLA over the course of the next 14 months (under program codes
15A-421, 15B-364, and 16A-237). It was observed from L through Ku band (1-
16 GHz) in order to fully sample the spectrum of the source across four follow-up
epochs, spanning 2015 May 10 to 2016 July 08. The follow-up spectra of CNSS
JO019+00 are well fit by a slowly evolving synchrotron spectrum, with both the peak
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Figure 6.1: CNSS J0019+00 3 GHz light curve. The 0.14 mJy upper limit is from
the non-detection in CNSS epochs 1-3. The plotted flux densities are from CNSS
epochs 4 and 5, and 4 follow-up observations of CNSS J0O019+00 with the VLA
spanning approximately 1.5 yr post-discovery. The Xs and O mark the dates of
follow-up Swift and Keck-II DEIMOS observations, respectively. The dates are
referenced to the approximate explosion date on MJD 56722, as determined by
fitting the radio SEDs (see Section 4.3).

frequency and peak flux of the spectrum declining over time.

Table 6.1 summarizes the radio follow-up measurements, which are plotted in Fig-
ure 6.2. These also include measurements of the flux of CNSS J0019+00 at L. band
(1-2 GHz) from observations on 2017 Dec 20 (program code 17B-409). For all ob-
servations, 3C48 served as the absolute flux and bandpass calibrator. Phase calibra-
tion was done using one of J0022+0014, J006-0623, J0022+0608, J0015-0127. All
data reduction was done in the Common Astronomy Software Applications (CASA;
McMullin et al. 2007).

Table 6.1: VLA follow-up observations of CNSS J0019+00.

UT Date | Frequency (GHz) | Flux Density (mJy)
2015 May 10.53 1.4 3.31+0.36

Continued on next page




Table 6.1 — continued from previous page

UT Date | Frequency (GHz) | Flux Density (mJy)
May 10.53 1.8 4.53 +0.41
May 10.53 2.6 6.80 £ 0.16
May 10.53 2.9 7.49 +0.11
May 10.53 3.2 7.72 £ 0.07
May 10.55 4.4 8.21 +£0.08
May 10.55 5.1 8.14 +£0.04
May 10.55 7.1 6.85+0.04
May 10.55 7.8 6.50 +0.05
May 10.55 8.1 6.34 +0.04
May 10.55 8.6 6.17 £ 0.04
May 10.55 9.1 5.93+£0.04
May 10.55 9.6 5.63 +£0.04
May 10.55 10.2 5.45+0.04
May 10.55 10.7 5.23+£0.04
May 10.55 11.4 4.85 +0.04
May 10.57 13.3 4.16 + 0.05
May 10.57 13.8 4.06 + 0.04
May 10.57 15.8 3.33+£0.05
May 10.57 16.3 3.23 +£0.04

2015 Jun 12.71 1.3 3.80 +£0.20

Jun 12.71 1.5 4.38 +0.17

Jun 12.71 1.8 5.14 +0.17

Jun 12.72 24 6.64 +0.08

Jun 12.72 3.0 7.77 £ 0.06

Jun 12.72 3.4 7.88 £ 0.06

Jun 12.72 3.8 8.08 +£0.07

Jun 12.72 4.5 8.19+0.10

Jun 12.72 5.1 7.74 £ 0.10

Jun 12.72 7.1 6.24 +0.14

Jun 12.72 7.7 5.96 £0.15

Jun 12.73 8.5 5.68 +0.08

Jun 12.73 9.8 5.03+0.10

Jun 12.73 11.0 4.32+0.11

Continued on next page
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UT Date | Frequency (GHz) | Flux Density (mJy)
Jun 12.74 15.7 3.10+0.25
Jun 12.74 16.3 3.10+0.22
2015 Oct 15.32 1.2 2.33+0.55
Oct 15.32 1.4 4.89 +0.39
Oct 15.32 1.7 4.92 +0.29
Oct 15.32 1.9 5.81 £0.25
Oct 15.32 2.6 7.34£0.13
Oct 15.32 3.1 7.08 £ 0.09
Oct 15.32 3.4 7.08 = 0.09
Oct 15.33 4.7 6.11 £0.05
Oct 15.33 53 5.74 £ 0.05
Oct 15.33 5.7 5.52+0.04
Oct 15.33 6.3 5.18 £0.06
Oct 15.33 8.2 3.77 £ 0.04
Oct 15.33 8.8 3.70 £ 0.04
Oct 15.33 9.2 3.36 £ 0.04
Oct 15.33 9.8 3.28 +0.04
Oct 15.34 13.2 1.99 + 0.04
Oct 15.34 13.8 2.00 £ 0.03
Oct 15.34 14.2 2.04 £0.03
Oct 15.34 14.8 1.99 +£0.03
2016 Jul 08.60 1.3 4.04 +£0.34
Jul 08.60 1.5 4.71 +£0.23
Jul 08.60 1.8 5.74 £ 0.29
Jul 08.60 24 4.86 +0.11
Jul 08.60 3.0 4.32 +0.08
Jul 08.60 3.4 3.90 +0.07
Jul 08.61 4.5 3.26 £ 0.07
Jul 08.61 5.1 2.76 £ 0.07
Jul 08.61 6.1 2.34 +0.04
Jul 08.61 7.1 1.75 + 0.06
Jul 08.61 7.7 1.55 +£0.07
Jul 08.61 8.2 1.40 + 0.07

Continued on next page
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Table 6.1 — continued from previous page

UT Date | Frequency (GHz) | Flux Density (mJy)
Jul 08.61 8.8 1.32 £0.07
Jul 08.61 9.7 1.25 £0.04
Jul 08.61 10.6 1.06 £ 0.07
Jul 08.61 11.2 0.95 £0.07
Jul 08.61 13.2 0.73 £0.07
Jul 08.61 13.8 0.61 £ 0.06
Jul 08.61 15.0 0.72 £0.04
Jul 08.61 16.2 0.50 £ 0.07
Jul 08.61 16.8 0.57 £0.08
2017 Dec 20.03 1.14 2.87+£0.29
Dec 20.03 1.39 1.97 £0.17
Dec 20.03 1.65 1.63 £0.18
Dec 20.03 1.90 1.48 +0.12

Continued on next page

NOTE - VLA follow-up observations of CNSS J0019+00, with SEDs spanning
approximately 1-16 GHz, following its discovery in CNSS epoch 4 on 2015 March
21. The follow-up observations listed here span approximately 431 to 1385d
post-outburst, with the time since outburst determined from model-fitting of the
individual SEDs (see Section 6.3).

VLBA Observations

We conducted Very Long Baseline Array (VLBA) observations at the location of
CNSS J0019+00 on 2015 Nov 10 and 2016 Aug 31, in order to place a constraint on,
or potentially resolve, a relativistically expanding jet (in the event of a non-thermal
TDE scenario, e.g. Swift J1644+57). Observations were conducted at 4.38 and
7.40 GHz, as part of the Director’s Discretionary Time (project code BM444), with
J02253+1608 as the fringe finder source and JO016-0015 for phase calibration. Due
to the limited LST range accessible for observing equatorial sources with the VLBA,
the observations were split across the 2 epochs, with observation blocks of 2.5 hours

each.

The source is unresolved in both VLBA epochs, consistent with the source size < 1X

10'7 cm as determined by modeling of the radio SED (see Section 4.3). From Guia,
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Figure 6.2: The evolution of the broadband spectral energy distribution (SED)
of CNSS J0019+00, as observed with the VLA in 5 epochs spaced across 2.5 yr.
The synchrotron spectra are modeled according to Granot and Sari 2002 under the
assumption that v,, < vg, < v.. The dashed lines on the optically thick and thin
sides of the spectral peak correspond to typical spectral slopes of v>/2 and v!,
respectively. The latter is expected for a electron energy distribution described by a
power law with p = 3. Our model fits to the spectra give shallower optically thick
spectral slopes (approximately v!-), and steeper optically thin spectral slopes that

are evolving with time (ranging from v~!3 to v=!7; see Section 4.3).

the nucleus of the host galaxy is (R.A., decl.) = (00" 19™47%.33493, +00°35'26” .8126)
+ (0.34, 0.26) milliarcsec (Gaia Collaboration et al. 2016; Gaia Collaboration et
al. 2018; Lindegren et al. 2018). The location of CNSS JO019+00 from the VLBA
observations is coincident with this optical position to within ~3 mas, implying that
CNSS J0019+00 is consistent with the nuclear region of the host galaxy to within
~1 pc.
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Swift Observations

Swift (Gehrels et al. 2004) X-ray observations were triggered within approximately 2
weeks of the first radio follow-up observation (see Table 6.2). No X-ray counterpart
was detected in either exposure, and the combined upper limit (90% confidence)
to the count rate in the 0.3-10keV soft X-ray band is 9.3 x 10~ counts™'. This
corresponds to an upper limit in the X-ray luminosity of less than 2.4 x 10** erg s~!
assuming a power law with photon index 2 (typical for non-thermal emission), or an
upper limit of less than 4.0 x 10’ erg s=! assuming black body emission that peaks
at 10,000K (or 1.2 keV, typical of a disk formed after a TDE). Additionally, the U
band magnitudes from Swift UVOT, 17.39+0.02 and 17.36 £ 0.02 (AB magnitude),

did not change significantly between the two epochs.

Keck-1I DEIMOS Observations

Optical observations of the host galaxy were conducted on 2015 June 19, approxi-
mately 1.5 months after the first radio follow-up observation, with the DEep Imaging
Multi-Object Spectrograph (DEIMOS; Faber et al. 2003) on Keck-II. Figure 6.3
shows our follow-up spectrum of the host galaxy as compared with an SDSS spec-
trum of the host from 2000 September 29. No significant change in the spectrum
is observed before and after the transient event, indicating that either there is no
associated optical transient or that any optical signatures had faded by the time of

our follow-up observations approximately 476 days after the launch of the outflow.

The host of CNSS J0019+00 is a Seyfert 2 galaxy, with nebular line flux ratios from
the SDSS spectrum of log[OIIl 5007]/HB = 0.73 and log[NII]/Ha = -0.57 (Blanton
et al. 2017; Cappellari and Emsellem 2004; Dawson et al. 2016; Sarzi et al. 2006).
This places the host just above the canonical line separating star-forming galaxies
from AGN.

6.3 Modeling of the Synchrotron Spectra

The spectra of CNSS J0019+00 (Figure 6.2) are well described by synchrotron
emission from an outflow expanding into and shocking the surrounding medium.
From the evolution of the synchrotron spectra observed from CNSS JO019+00 in the
radio follow-up observations, a number of parameters characterizing the source can
be derived as a function of time, including the size of the source, its minimum kinetic
energy, the ambient density, and microphysical parameters relevant to the generation
of synchrotron emission. Each spectrum provides an independent constraint on these

parameters, based only on the frequency and flux at the peak of the spectrum and
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Figure 6.3: Optical spectra of the host galaxy of CNSS J0019+00, with SDSS in
2000 September 29 (black line) and DEIMOS on Keck-II in 2015 June 19 (magenta
line) approximately 476 days post-outburst. The host is a Seyfert 2 galaxy, based on
the measured nebular line flux ratios and high surface brightness nucleus.

the electron power law index (p, where N.(y) o< y7 for y > v,,, and vy, is the
Lorentz factor of the lowest energy electrons in the distribution), which determines
the slope of the optically thin half of the spectrum. This procedure has been well
established and used to study both relativistically and non-relativistically expanding
outflows, including for gamma-ray bursts (GRBs; e.g., Wijers and Galama 1999),
supernovae (SNe; e.g., Chevalier 1998), and TDEs (.e.g, Zauderer et al. 2011).

In the following analysis, we follow Granot and Sari 2002 to model each synchrotron
spectrum around the spectral break and Barniol Duran, Nakar, and Piran 2013 to
calculate the source parameters using the observables derived from the synchrotron
spectra. We fit the spectra of CNSS J0019+00 for a single spectral break, and assume
that the peak frequency corresponds to the synchrotron self-absorption frequency

vsa. From Equation 1 of Granot and Sari 2002,

=spi o A
G e

where v, is the frequency of the spectral break, F), x is the extrapolated flux density

F, = th,ext

at the location of v, where the power laws on either side of the spectral break, £,
and f,, respectively, meet. Here, we assume that the parameter s which describes
the sharpness of the spectral break, is related to the electron energy distribution
power law p by s = 1.47 — 0.21p, and that 8, = (1 — p)/2 is the power law index in
the optically thin region of the spectrum. These assumptions for the form of s and

[> correspond to the regime in which v,, < vs, < v, where v, is the synchrotron
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cooling frequency. We determine the best-fit parameters from the model described
by Equation 6.1 for each follow-up spectrum using a Markov Chain Monte Carlo
(MCMC) technique. Figure 6.2 shows the fit to each follow-up spectrum. The
best-fit values for p, and the peak frequency and flux from the model fit, are listed
in Table 6.3.

Table 6.3: Table of micro and macrophysical parameters for CNSS J0O019+00, based
on model fitting of the radio SEDs.

0] 2 3) “ (5) (6) ) ®) ©) (10) (11)

At vp va p Req Eeq Vej Ye Ne B Me;
(d (GHz) (mly) (10%cem) (1047 erg)  (10*kms™) (em™3)  (G) (1073 M)
431 423 820 348 458 75.1 1.23 392 106 0.20 495
464 404  8.09 351 479 82.0 1.20 391 94 020 5.41
588 3.05 7.10 3.81 6.25 157.2 1.23 378 4.1 0.18 10.4
856  1.92 495 435 9.10 395.2 1.23 354 12 0.16 26.1

Both the peak flux and the peak frequency are declining with time — on 2015 May
10 the spectrum peaks at 8.2 mJy at 4.2 GHz; by 2016 July 08 the flux has declined
to Smly at 1.9 GHz. The optically thin spectral slope also appears to be evolving

across epochs, steepening from v~ to v=17

, implying a steepening of the electron
power law distribution from 3.48 to 4.35. We note that both the steepening of p
across such a short timescale (approximately a year) and such high values of p are
unusual, given that in most astrophysical scenarios 2.5 < p < 3 (Jones and Ellison
1991). We also note that the optically thick spectral slope in each observation is

512 for

consistent with approximately v!'-> — this is shallower than the expected v
a synchrotron self-absorbed spectrum. However, the optically thick side of our
spectra are not well sampled at frequencies far away from the spectral break, and we
proceed by assuming that the spectrum can be described by a F, o v>/? power-law,

extrapolating down to lower frequencies.

Knowledge of the synchrotron self-absorption frequency and peak flux at multiple
epochs is sufficient for placing a strong constraint on the source size, or radius R,
as a function of time, and therefore providing an estimate for the average velocity
of the outflow. This estimate on the outflow velocity allows the source size to be
extrapolated back in time and therefore providing an approximate date for the launch
of the outflow 7y. As is frequently done for synchrotron-emitting systems for which
the synchrotron self-Compton peak frequency and flux is not known, the assumption
of equipartition (Pacholczyk 1970; Scott and Readhead 1977) between the energy

in electrons and the energy in the magnetic field allows for the calculation of the
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equipartition size (or Req for an assumed source geometry) and the minimum total

equipartition energy, Eeq (see, e.g., Chevalier 1998).

From Equations 27 and 28 of Barniol Duran, Nakar, and Piran 2013:

1 2-p

Req (1 x 10" cm) [87.2(525)P 1| 5% o, 7
1?5 %(3!);6) 1 43P _1§+12’ _1312 (6'2)
+2p +2p — _—— +2p +2p
X | Fymiy 428 Vplo (1+2) IMP] Ia N

11
3+2p

2(p+1) _
Eeq ~(1.3x 10% erg) [21.8] T2 [4 (525)" 'y p]
1443p  2(3p+14) _3p+D) - 2Ap+D) 6.3)

27+5p
Br2p 7 Bip . —1 -T5e 312p ,13+2p
Eymiydiog” Voo (I +2) 7271 f, Voo

X

where we are assumed to be in the Newtonian regime (I' = 1) of a spherically
expanding outflow (f4 = 1, fy = 4/3), with v, = 2. We have multiplied both equa-
tions by factors of 41/(13+27) and 411/(13+2p) regpectively, to account for the spherical,
non-beamed geometry of the outflow in the non-relativistic regime. These formu-
lae are equivalent to the equipartition radius and energy for a non-relativistically
expanding outflow described by Chevalier 1998.

Figure 6.4 shows the values of R.q and E.q as a function of time, for each of our
radio follow-up observations. The source approximately doubles in size between
our first observation on 2015 May to our fourth observation on 2016 July, from an
equipartition radius of Req ~ 4.6 X 10'®cm to 9.1 x 10'% cm. This corresponds to
an average expansion velocity of ve; ~ 12,000 km s~!, with the equipartition radii
well fit by a constant expansion velocity. This allows us to extrapolate the outflow
back in time, to determine the age of the event at each of our observation epochs
(At = Req/vej). The outflow was launched on 2014 March 06, 431 d prior to the
CNSS epoch 4 observation in which it was discovered on 2015 March 21, and
approximately one month after the location of CNSS JO019+00 was observed in
CNSS epoch 3.

Using the equipartition radius values determined from Equation 6.2, we can deter-
mine the microphysical parameters of the system, including magnetic field strength,
B, the Lorentz factor of the emitting electrons, ., and the number of electrons,
N,. See Appendix 6.6 for a derivation of these quantities as a function of radius R.

Combining these with Equation 6.2, we can write:
2 i
ye ~(174.7)C, [87.2(525)P7 1] %y,
1 2-2p 1 2(5+p) 2 (64)

— — —_— — 5
13+2p 13+2p ~13:25 13+2p 13+2p 3
X |\E oy Ao (L+2) 2| fy v o
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Figure 6.4: Equipartition radius (top) and energy (middle) as a function of time since
outflow, as derived from the radio SEDs (see Equations 6.2 and 6.3). Each pair of
(Req> Eeq) values are independent of the others, using only F}, v, and p as derived
from each follow-up observation. Jointly, the equipartition radii from each epoch
can therefore provide a strong constraint on the outflow velocity, which for CNSS
J0019+00 is constant, at ~ 12,000kms~!. We also derive the ambient density as
a function of the equipartition radius and compare with other radio-detected TDEs
(bottom). The dashed line shows the circumnuclear density profile inferred from
our observations. Data are from — for Swift J1644+57, Eftekhari et al. 2018; for
ASASSN-141i, Alexander et al. 2016; for XMMSL1 J0740-85, Alexander et al.
2017.
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for n = 1 (corresponding to the regime where v, = vy,). Table 6.3 lists both the
microphysical and macrophysical parameters determined from the best-fit model to
the radio SEDs. The magnetic field B and number of radiating electrons N, are all
decreasing with time. From the latter, we can place a lower limit on the density
of the ambient medium through which the shock is propagating (and assuming
that a significant fraction of the electrons are relativistic and participating in the
generation of synchrotron radiation). We assume that the radiation is originating
from an emission region described by a thin shell (with thickness dR ~ 0.1R.q) at
the surface of the spherically expanding outflow. We find that the number density
n. decreases by an order of magnitude between our follow-up observations, from
10.6cm™ to 1.2cm™ on a 14 month timescale (see Figure 6.3), with the density

profile well-described as a n(R) o« R>"! power law.

We also estimate the minimum ejecta mass, Mj, using the equipartition energy and
average outflow velocity, Mej = 2Eq/ v2, for which we find M. ~ 5% 1073-0.03 M.
This M.; is more than an order of magnitude higher than what was seen from
either ASASSN-14li and XMMSLI1 J0740-85 (Alexander et al. 2016; Alexander
et al. 2017), and consistent with the fact that the ambient medium we measure for
CNSS J0019+00 is under-dense relative to the other two radio-detected thermal
TDESs, while also being roughly an order of magnitude more energetic (based on
the equipartition energy) than these events. Given that the ambient environment
of CNSS J0019+00 is comparatively under-dense, the higher energetics must be

explained through the ejection of a larger amount of stellar material.

6.4 Discussion

From the radio SEDs of CNSS J0019+00 and their evolution with time, we infer
the presence of a sub-relativistically (spherically) expanding outflow moving at
constant velocity (vej = 12,000 km s~ 1), approximately doubling in size from Req ~
4.6 x 10'°cm to 9.1 x 10'® cm on the timescale of 14 months. Extrapolating this
expansion back in time reveals an explosion date of 2014 March 06, approximately
1 yr prior to the discovery of CNSS J0019+00 in epoch 4 of CNSS. From our
modeling of the synchrotron spectra, the outflow energy is on the order of 10*’ erg,
with an inferred ejecta mass of ~ 0.03 My. VLBA observations show that the
location of CNSS J0019+00 is consistent with the nucleus of the galaxy to within
1 pc. All of this points to a tidal disruption origin for CNSS J0019+00.

X-ray observations of the source around the time of discovery (and at an age of
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1 yr) show no evidence for emission, with upper limits on the X-ray luminosity of
Ly < 4x10* ergs~!. We note that our upper limit on any associated X-ray emission
from the TDE are comparable to those placed on XMMSL1 J0740-85 at a similar
post-explosion date (see Figure 6.5). We also note the lack of observed variability
in the optical continuum or emission lines of the host galaxy (also at an age of 1 yr),
including a lack of, e.g., Hell and Ha emission lines, which are typically seen in
TDEs as the bright continuum emission from the accretion disk is reprocessed by
both the circum-nuclear material and tidal debris into emission line radiation (Ulmer
1999; Strubbe and Quataert 2011). However, we note that XMMSL1 J0740-85
showed no optical emission line variability pre- and post-explosion (at an age of ~2
months Saxton et al. 2017), and that for ASASSN-141i the Hell emission lines were
largely gone after 178 d. In this context, the lack of emission line variability in the

host spectrum of CNSS J0O019+00 at ~470 d post-explosion is not unusual.

The presence of CNSS J0019+00 in the nucleus of a Seyfert 2 galaxy raises the
possibility that the transient is associated with an accretion disk instability or turn-
on of the central active galactic nucleus (AGN) rather than a single accretion event
from a stellar tidal disruption. Seyfert 2 galaxies have been known to host TDEs,
including NGC 4845, the host of the (off-axis jetted) tidal disruption event IGR
J12580+0134 (Nikotajuk and Walter 2013). The Seyfert 2 galaxy IC3599 has shown
recurring flaring that is believed to be due to repeated tidal disruption events (Cam-
pana et al. 2015), although the nature of this flaring remains controversial, and
instabilities in the AGN accretion disk have not been ruled out (Grupe, Komossa,
and Saxton 2015). The relatively high occurrence rate of TDEs in Seyfert galaxies
may be explained by the influence of the accretion disk (Karas and Subr 2007). The
host of ASASSN-141i harbored a weak but persistent AGN (Alexander et al. 2016).

Any non-tidal disruption scenario for the origins of CNSS JO019+00 must be consis-
tent with a sub-relativistic outflow in the nucleus of the galaxy, with a rapid turn-on
(> 2 orders of magnitude increase in the radio luminosity on the timescale of ap-
proximately 1yr). This is not typical of AGN variability, and the timescale is too
rapid for an accretion disk instability (see, e.g., Saxton et al. 2015). This timescale
is also inconsistent with other, more exotic, classes of TDE impostor (e.g., extreme
mass ratio inspirals; Metzger and Stone 2017). The 1 pc offset of the transient
from the center of the host galaxy introduces the possibility of this event as a rare
circumnuclear supernova (Saxton, Perets, and Baskin 2018) within the dusty torus
of the AGN, however CNSS J0O019+00 is more than an order of magnitude more
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Figure 6.5: Radio luminosity (left) and X-ray luminosity (right) as a function of
approximate time since explosion date, for all TDEs with confirmed radio detections.
The reported radio luminosities correspond to frequencies between 4.5-6.0 GHz.
This frequency range was chosen because it samples the optically thin side of the
synchrotron spectrum at late times for the thermal TDE events plotted here. The
dashed line shows the expected vL, o« t~! relation for an adiabatically expanding
source in the optically thin regime. The radio data are taken from the following —
for Swift J11644+57, Berger et al. 2012, Zauderer et al. 2013, and Eftekhari et al.
2018; for Swift J2058+05, Cenko et al. 2012; for IGR J12580+0134, Irwin et al.
2015; for ASASSN-141i, Alexander et al. 2016; for XMMSL1 J0740-85, Alexander
et al. 2017. The X-ray data are taken from the following — for late-time X-ray
emission from Swift J1644+57, Eftekhari et al. 2018; for Swift J2058+05, Cenko
et al. 2012; for IGR J12580+0134, Lei et al. 2016 and Nikotajuk and Walter 2013;
for ASASSN-14li, Brown et al. 2017; for XMMSL1 J0740-85, Saxton et al. 2017.
The values with arrows are upper limits on the X-ray flux. The dashed line shows the
theoretical Ly oc t=>/3 relation for fall-back accretion. We note that TDEs frequently
deviate from this relation, but we plot it here as a general guide.

energetic than typical supernovae, and is more consistent with a TDE.

6.5 Conclusions

We have reported on the discovery of the radio transient CNSS J0019+00, which
was found during the VLA Caltech—NRAO Stripe 82 Survey, and is located on the
nucleus of a Seyfert 2 galaxy at a redshift of z = 0.018. Triggered radio follow-up
observations showed a sub-relativistic (~ 12,000kms™"), spherically expanding

outflow with a kinetic energy of approximately 10* erg. Comparison between the
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Figure 6.6: Peak radio luminosity as a function of the product of the peak time and
peak frequency (left). The outflow velocity is proportional to F (?:f J/(13%2P) Ay=1 -1
and can therefore be represented on the plot with lines of constant velocity (assuming
a constant p; see Figure 4 of Chevalier 1998). For the dashed lines here, we assume
a canonical value of p = 3. The values for the radio luminosity, frequency, and
time of peak for each object are determined from model fits to the data, rather than
directly from the observations due to the fact that the radio SEDs are frequently
poorly sampled. We also plot the total energy as a function of outflow velocity
(right). The area to the left (right) of the dashed line represents non-relativistic
(relativistic) outflows. CNSS J0019+00 has a constant expansion velocity that is
consistent with the other radio-detected thermal TDEs, however it is more than an
order of magnitude more energetic. The values from the model fits are taken from
— for Swift 11644+57, Eftekhari et al. 2018; for IGR J12580+0134, Lei et al. 2016;
for ASASSN-141i, Alexander et al. 2016; for XMMSL1 J0740-85, Alexander et al.
2017.

9

position of the galaxy nucleus in Gaia and the location of the radio transientin VLBA
observations indicates the source is located 1 pc from the center of the galaxy. All
of this indicates CNSS JO019+00 is likely the first radio-discovered TDE, and the
third such radio-detection of a non-jetted, thermal TDE.

The theoretically expected TDE rate is approximately ~ 107°-10"* gal~! yr~! (Wang
and Merritt 2004; Stone and Metzger 2016), roughly consistent with observational
estimates of the TDE rate —e.g., from optical surveys (Holoien et al. 2016; van Velzen
and Farrar 2014), or from observations of soft X-ray TDEs (Donley et al. 2002).
Metzger, Williams, and Berger 2015 use this rate to calculate the number of TDEs
that will be detected by a sample of future and ongoing GHz-frequency sky surveys.
We use the numbers from Metzger, Williams, and Berger 2015 for VLASS in order
to determine the expected rate in CNSS, given the two surveys’ comparable sensi-
tivities, observing frequencies, and survey cadence. The calculation by Metzger,
Williams, and Berger 2015 is specific to non-thermal, jetted TDEs (akin to Swift
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J1644+57), so we scale their values by a factor of 10* to account for the fact that we
are no longer restricted to the fraction of TDEs which produce relativistic jets that
are also are beamed along our line of sight, in order to get the full, uncorrected rate
of TDEs. Because thermal TDE events are less luminous than their jetted counter-
parts and therefore are detectable out to a smaller volume, we assume an isotropic
distribution of TDEs in Euclidean space that scales as Nypgs(> F,) « F, 32 and
multiply the rate by a factor of (Ly,pjetted/ Lv,p,thermal)_3/ X 1x1073. Taking into
account the 270 deg? survey area of CNSS compared to the 34, 000 deg” survey area
of VLASS, we find that the expected rate of TDEs in CNSS is of order 0.1 — 1, and
consistent with our single detection of a TDE event in CNSS J0019+00. From this
same calculation, we can expect on the order of 100 such TDE events to be detected

in VLASS.
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6.6 Appendix: Microphysical Parameters for a Synchrotron Emitting System
In solving for the microphysical parameters for a synchrotron emitting system, we
approximately follow the steps of Kumar and Narayan 2009 and Barniol Duran,
Nakar, and Piran 2013. For a synchrotron self-absorbed system, we can write the 3
microphysical parameters that describe the system as a function of the observable
parameters dj,, the luminosity distance to the source; z, the redshift of the source; v,
the peak frequency of the synchrotron spectrum; F) , the flux at the peak frequency;
and p, the power law index of the electron energy distribution, where N, (y) oc y7P.
(There is only a very weak dependence of the microphysical parameters on the value
of p, however we include it here since it can be determined by fitting the optically
thin side of the synchrotron spectrum.) The microphysical parameters are vy,, the
Lorentz factor of the electrons radiating at the peak frequency; B, the magnetic field
strength; and N,, the total number of synchrotron emitting electrons in the source.
We also assume, in this case, to be in the Newtonian limit of a non-relativistically

expanding source (I' = 1).

From Rybicki and Lightman 1979, the peak frequency and power radiated per

electron are

3xpeB)/§
L) Sl C 6.7
Yp drnmec(l + 2) ©.7)
V3¢,e3B(1 +
p, = L0rc g ) 6.8)
MeC

where x, and ¢, are dimensionless factors that are a function of p. From Wijers and
Galama 1999 x, ~ 0.45 and ¢, ~ 0.66 for an electron power law index of p = 3.

From 6.8, the source flux at v, is

_ V3¢,¢’BN,(1 + 2)
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47rd%mec2 ©9)

Vp

For frequencies below the synchrotron self-absorption frequency (v < vg,), the
source flux is equal to the flux of a blackbody in the Rayleigh-Jeans limit:
2nmeyevi(1 + 2)°R?

d? '

F,BB = (6.10)
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Then, at the self-absorption frequency, the flux is
Fy.p8 = Cp,F, '3, (6.11)

where 17 = v,/ s, and C,, is another dimensionless factor that is a function of p (see
Shen and Zhang 2009). Again assuming a power law index of p = 3, and that
Vi < Vsa, Cp = 5.2.

Equations 6.7, 6.9, 6.10, and 6.11 can be combined to solve for vy,, B, and N,. The

result is that

Cpn5/3diva
Yo = o L (6.12)
2mmeviy(1 + 2)°R
167T3mg’cv2(1 +2)'R 6.13)
= 3xpc,%e7710/3d2Fy2p s .
3x,C2cn'03d0 F3
N, Ly L (6.14)

° 4\/§n2¢pm§ezvg(l + Z)8R4'

The assumption of equipartition between the energy in the electrons and the energy in
the magnetic field can be used with the equations above to solve for the equipartition
radius, Req, at which the total energy, Eeq, is minimized, as is done in Barniol Duran,
Nakar, and Piran 2013 to derive Equations 6.2 and 6.3.
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Chapter 7

SUMMARY AND LOOKING TO THE FUTURE

As Project Scientist for the OVRO-LWA-352, T will oversee the carrying-out of
science goals with the array, as well as continue to lead the 3 key areas of tran-
sient science that were covered by this thesis: compact object merger follow-up,
exploration of low-frequency transient phase space through non-targeted transient

surveys, and targeted searches for extrasolar space weather events.

Compact Object Mergers and EM-GW Follow-up

For the duration of the Advanced LIGO-Virgo O3 observing run, which began in
2019 April and will continue for another year, I am leading the OVRO-LWA GW
follow-up campaign. The OVRO-LWA is continuously observing, with visibility
data stored to a 24 h-long ring buffer. In the event of a gravitational wave trigger, we
are the only EM facility with the ability to provide observations coincident with and
preceding the time of the GW event detection (provided that all of or a significant
portion of the localization error region is above the horizon at OVRO-LWA at the
time of the event). This is especially valuable given the latency between event
detection and alert notices sent out to the EM community, which is still currently
(as of this writing) in the regime of human inspection, verification, and sending of

alerts, adding a significant time delay over an automated trigger.

I demonstrated with the work detailed in Chapter 3 and published in Anderson
et al. 2018 that placing constraints on models predicting coherent radio emission
associated with short GRBs was possible with the OVRO-LWA — indeed, we placed
the most sensitive constraints to-date. This successful proof-of-concept has already
carried over into the EM-GW domain, with OVRO-LWA observing and responding
to GW alerts during the Advanced LIGO-Virgo O2 observing run throughout 2017.
The BNS merger GW170817 (Abbott et al. 2017b, 2017a), which yielded such
a diversity of EM counterparts (Coulter et al. 2017; Kasliwal et al. 2017; Evans
et al. 2017; Troja et al. 2017; Hallinan et al. 2017), was unfortunately below
the horizon at the OVRO-LWA, making coincident observations and searches for
prompt, low frequency counterparts impossible. However, the ability to carry
out de-dispersion searches across large regions of the OVRO-LWA field-of-view

was shown through work that was conducted with Caltech LIGO graduate student
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Thomas A. Callister, whom I have worked with and mentored for the last year
and a half on further developing an OVRO-LWA EM-GW follow-up framework.
Utilizing the pipeline and infrastructure I developed to search for prompt emission
from short GRB 170112A, we placed similar constraints on emission from the BH-
BH merger GW170104 (Callister et al. 2019) — this represents the first search for
prompt radio emission from a GW event (see Figure 7.1). In addition, the OVRO-
LWA-352 upgrade will include the ability to dump the raw voltage stream from all
antennas (for up to a few minutes at a time), specifically to follow-up GW events.
Beamforming of the raw data to the location of the GW event significantly more

sensitive (and temporally matched) dedispersion searches on millisecond timescales.

While the existence and detectability of prompt radio emission from BNS mergers is
speculative at best, such emission from BBH mergers, where there is presumably no
associated material from which to generate electromagnetic emission, is speculative
in the extreme. However, the risk of pursuing such transient emission is low, while
the potential returns are extremely high in providing a prompt, EM counterpart that
is localizable to arcminutes and which contains, imprinted on the radio pulse itself,
information about the density and magnetic field of the medium through which it
propagates, as well as the potential for revealing a pioneering new class of transient
sources and associated physics. The Advanced LIGO-VIRGO O3 observing run
was predicted to detect as many as 1-50 BNS mergers (Abbott et al. 2018), and
already during the final week prior to the submission of this thesis, 2 likely BNS
events were found. We have followed up both of these events with the OVRO-LWA
(see Figure 7.2), and the search for prompt radio emission is underway.

Non-Targeted Transient Surveys

As the results of Chapter 4 demonstrate, the OVRO-LWA is beginning to push into
unexplored regions of low-frequency transient phase space. The non-detection of
any transients in the 31 hour survey akin to that discovered by Stewart et al. 2016 with
LOFAR, despite an expectation of as many as ~10 such events given their reported
event rate, indicates that this potential population of sources is either rarer than
expected (with a surface density as low as 2.5x 1078 deg =2 at flux densities of 10.5 Jy
and sub-minute timescales) or is associated with exotic emission mechanisms that are
intrinsically narrow in bandwidth (<MHz). We also demonstrated the difficulties
associated with wide-field, sub-100 MHz surveys, where the sky is anything but
quiet due to terrestrial and atmospheric events (RFI, meteor reflections, ionospheric

scintillation and refraction).
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Flux Density Limits (Jy)

Figure 7.1: 95% confidence upper limits on the flux density of prompt radio emis-
sion across the OVRO-LWA frequency band (centered at 56 MHz) over the 95%
confidence localization region contained within the OVRO-LWA field-of-view, for
GW170104. The error region searched covers approximately 900 deg?, and the me-
dian flux density limit is 2.4 Jy. Combining the flux density limits with the distance
constraints from the GW signal, the isotropic luminosity of GW170104 across the
27-84 MHz band is L < 2.5 x 10* ergs™!. Taken from Figure 7 of Callister et al.
2019.

The next steps with the OVRO-LWA for continuing to push further into this phase
space are already underway. I am working with Caltech astronomy graduate Yup-
ing Huang to use the transient pipeline I developed for the 31 hour survey on an
expanded, 120 hour dataset that was taken with the OVRO-LWA in 2018 March.
We are working to improve multiple components of this larger survey, including
incorporating better calibration solutions derived from multiple integrations that
average out the errors introduced by the ionosphere; matched filter searches that are
more sensitive to different combinations of potential source class emission mech-

anisms characterized by different bandwidths and timescales; and blind injection
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Figure 7.2: OVRO-LWA snapshot image from the time of merger of S190425z, the
first BN'S merger of the Advanced LIGO-Virgo O3 run. Approximately 57% of the
~10,000 deg? localization region is covered by the OVRO-LWA field-of-view. The
OVRO-LWA is already at a stage where rapid follow-up and data reduction for GW
events is possible.

of simulated transient signals in order to better constrain our sensitivity limits and
characterize the degree to which any potential transient sources are missed by the

existing pipeline.

Extrasolar Space Weather

In my capacity as Project Scientist of OVRO-LWA, I am most excited about con-
tinuing the search for exoplanetary and stellar radio emission. While no stellar
Type II bursts indicative of CMEs have yet been detected, and no ECME from
exoplanets providing direct evidence of planetary magnetic fields and insight into
the dynamos that power them have been seen, the path forward to detecting these
and beginning to piece together a space-weather-centric formulation of planetary
habitability is clear. Using the OVRO-LWA to target every system out to distances
of 25 pc at sub-100 MHz frequencies is unique and also the necessary route to de-
tecting and characterizing extrasolar space weather environments for a diverse range
of planet hosts. What is needed next are more sensitive searches, and at even lower

frequencies.
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The OVRO-LWA-352 is ideally suited to achieve the former. A planned 1000 hr

survey in Stokes I and V, as well as the generation of wide-bandwidth m-mode anal-
ysis maps in Stokes I and V, is motivated particularly by the detection of extrasolar
space weather events. A significant technical achievement that will be demonstrated
with the OVRO-LWA-352, and which will be critical to reaching the necessary
sensitivities, is the mapping of the complex gain pattern of each individual dipole
in the array. The method I developed and described in Chapter 2 for performing a
polarization calibration and correction for the array and generating higher fidelity
Stokes V images is limited by the fact that I am using a simulated (and therefore
idealized) gain pattern for a single dipole, and generalizing this across the full array.
In practice, each dipole’s gain pattern will vary, due to effects associated with cross-
talk between adjacent antennas, the ionosphere, variations in antenna orientation,

etc.

This mapping is being attempted through two independent methods — pulsar beam
holography with the 40-m dish located at OVRO, and through beam mapping with
drones. The former is akin to what is being done with the Canadian Hydrogen
Intensity Mapping Experiment (CHIME; Berger et al. 2016) using the on-site 26-m
dish. The latter has been demonstrated at low frequencies by Jacobs et al. 2017,
and a similar analysis will be carried out with the OVRO-LWA. However, this work
has so far been restricted to amplitude-only information; beam mapping for OVRO-
LWA through the use of an antenna mounted on a drone will require the use of a
phase reference source, in order to capture both amplitude and phase information

and generate accurate full Stokes maps for each LWA antenna.

Fully mapped, per-antenna beams will enable more accurate DD calibration of the
OVRO-LWA, and beam corrections (performed during the gridding of visibilities
step in the imaging process, akin to A-projection) to reduce artifacts associated
with bright source sidelobes in image-space. With this method in place, thermal
noise-limited Stokes V maps are achievable, and the delivery of circular polarization
images with 150 mJy noise will make the detection of stellar and planetary radio

emission much more feasible.

The second requirement, of observations at even lower frequencies, requires moving
beyond the Earth’s ionosphere and into space, where observations can be conducted
well below the ~10 MHz limit normally imposed by the ionosphere’s plasma fre-
quency. Such space- or moon-based arrays are already in the planning and develop-
ment phase; for now, the OVRO-LWA is ideal for demonstrating the methods and
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techniques that will be needed for these future arrays.

Our solar system at low radio frequencies is dynamic and bright — there is no reason

to think that we are unique among planetary systems in this sense.

I conclude this look to the future with a look to the past. In an article detailing the
history and development of the Owens Valley Radio Observatory, Prof. Marshall
Cohen wrote in 1994 that OVRO and Caltech "still provides students with hands-on
experience at building telescopes and their instrumentation, but there are only a few
institutions left in the world where such opportunities now exist. It is much more
difficult to provide this experience to graduate students now than it was 30 years ago,
because radio observatories everywhere have become more expensive, more formal,
and more automated...At Caltech [we] have worked to maintain an environment
where students use their hands for more than typing on a keyboard" (Cohen 1994).
That particular legacy of OVRO remains true today. As has been the case over the
course of my thesis work, I hope to continue to learn from the fundamentals and
intricacies of radio astronomy — from the OVRO-LWA-352 in the near future, and
from whatever the more distant future brings — through the blood, sweat, and tears
wrought during the hands-on work of building an instrument and bringing it into the
regime of fully- (or at least semi-) functional machine and ripe for making scientific

discoveries.
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