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ABSTRACT

Type III radio bursts are the result of plasma emission from mildly relativistic electron beams prop-
agating from the low solar corona into the heliosphere where they can eventually be detected in situ if
they align with the location of a heliospheric spacecraft. [Here we observe a type III radio burst from
0.1-16 MHz using the Parker Solar Probe (PSP) FIELDS Radio Frequency Spectrometer (RFS), and
from 10 - 80 MHz using the Low Frequency Array (LOFAR). This event was not associated with any
detectable flare activity but was part of an ongoing noise storm that occurred during PSP encounter
2. A deprojection of the LOFAR radio sources into 3D space shows that the type III radio burst
sources were located on open magnetic field from 1.6-3 R and originated from a specific active region
near the East limb. Combining PSP/RFS observations with WIND/WAVES and Solar Terrestrial
Relations Observatory (STEREO)/WAVES. wc FeConStrucubeRypeNIradioNSOurees a jcctory in the
heliosphere interior to PSP’s position, assuming ecliptic confinement. An energetic electron enhance-
ment is subsequently detected in situ at the STEREO-A spacecraftl at compatible times although the
onset and duration suggests the individual burst contributes a subset of the enhancement. [HEINON
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nature of combined ground and space-based radio observations, especially in the era of PSP, is also

clearly highlighted by this study.

Keywords: Sun, radio, electrons

1. INTRODUCTION

Type III radio bursts are the characteristic signature
of beams of energetic electrons injected by transient
processes in the solar corona onto interplanetary mag-
netic field (IMF) lines first classified from solar impul-
sive emission by Wild & McCready (1950). As the elec-
tron beams propagate away from the Sun, they produce
Langmuir waves (L) which mode convert (via one of
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several possible processes, e.g. Melrose 2017) to radio
emission at approximately the local electron plasma fre-
quency (fpe) or its second harmonic. As the electron
plasma frequency is proportional to the square root of
the electron plasma density (n.) which decreases with
the distance from the Sun, type III bursts are read-
ily identified in radio spectrograms as transient signals
dropping in frequency with time with a characteristic
timescale of minutes to hours (Wild & McCready 1950).
This frequency ranges from O(100 MHz) in the lower
corona down to O(10 kHz) at ~1 au. The coronal
plasma frequencies are readily observed and imaged by
ground based observatories. Around 10-15 MHz, the
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2 BADMAN ET AL.

burst passes below the typical cut-off frequency of the
Earth’s ionosphere and therefore can only be detected
by space-based radio antennas.

Further, this radio emission is widely beamed (e.g.
Lecacheux et al. 1989; Bonnin et al. 2008) and very lu-
minous, meaning emission from the same event can be
detected not just by Earth-based observatories, but also
by widely separated spacecraft in the inner heliosphere.
Additionally, the electron beam itself can survive out be-
yond 1 au and provide additional in situ information of
the burst such as near-relativistic electron intensity en-
hancements (e.g. Ergun et al. 1998) or direct detection
of Langmuir waves (e.g. Gurnett & Anderson 1976).
For further context, Reid & Ratcliffe (2014) present a
relatively recent review on type III burst properties and
current theoretical understanding of the phenomena.

Type III radio bursts therefore produce a wide vari-
ety of diagnostic information about themselves and the
ambient properties of the heliosphere such as the radial
evolution of the solar wind plasma density and magnetic
topology of the IMF lines. However, much of this infor-
mation requires obtaining knowledge about the burst’s
trajectory through the interplanetary space. For exam-
ple, the electron beam trajectory traces open field lines
starting low in the corona all the way out into interplan-
etary space. They therefore can be a passive tracer of
both open coronal magnetic field (important for solar
wind acceleration studies) and over larger scales in the
heliosphere where the magnetic field forms the channels
along which space weather events are guided. Addition-
ally, since the emission frequency is directly related to
the local plasma frequency and therefore plasma den-
sity, an accurate trace of the burst provides a trace
through the density structure of the heliosphere allowing
testing or development of density models (the latter of
which was done by Leblanc et al. 1998). Further, since
emission of type III radio emission occurs near the lo-
cal plasma frequency, electromagnetic dispersion of the
emitted waves is important. This means that propa-
gation of the radio waves is affected by density varia-
tions, both through large scale gradients and by small
scale inhomogeneities. For example, if a radio emis-
sion is formed in a localized pocket of reduced plasma
density surrounded by overdense regions, the radiation
would not propagate through the overdense regions and
so it would not be detected by widely separated space-
craft. Smaller scale density fluctuations also lead to ran-
dom walks of photons before they escape to free stream.
Measurements of apparent source size and source height
allow these fluctuations to be quantified both in coro-
nal contexts (Kontar et al. 2019) and in the heliosphere
(Krupar et al. 2020; Musset et al. 2021).

In this work we combine multiple observational signa-
tures of a single type III radio burst observed by three
well-separated spacecraft as well as ground-based tele-
scopes during the outbound phase of the second solar
encounter of NASA’s Parker Solar Probe (PSP; Fox
et al. 2016) on 2019 April 9. We combine these observa-
tions in an effort to track the injection and escape from
the corona of the electrons responsible for the type III
burst, the interplanetary trajectory of those electrons,
and their in situ signature at ~lau. In section 2 we in-
troduce the various data sources and observations used
in the project. The relative positions of these observing
spacecraft and instruments are depicted in figurel. In
section 3 we discuss the different methods used to probe
the type III’s behaviour on its journey out from the Sun.
In particular, we focus on ground based radio imaging
of the burst in the outer corona (section 3.1), time-of-
flight analysis between different heliospheric spacecraft
to probe the burst’s trajectory in the inner heliosphere
(section 3.2), and finally study n situ signatures of the
electron beam arrival at the Solar Terrestrial Relations
Observatory A (STEREO A; Kaiser 2005) at 1 au (sec-
tion 3.3). In section 4, we summarize the results from
combining these different sets of observations. Lastly, in
section 5 we discuss the implications and novelty of our
results and future opportunities for collaborative stud-
ies between ground and space-based radio observatories
and other supporting instrumentation.

2. OBSERVATIONS AND DATA SOURCES

While PSP launched in an extremely quiet solar mini-
mum, its second solar encounter in late March and April
2019 occurred during a wealth of solar radio activity
with hundreds of individual type III bursts detected over
this interval (Pulupa et al. 2020). During this time,
at least two active regions (ARs) were potentially con-
tributing to this activity (AR 12738; Krupar et al. 2020;
Cattell et al. 2020) and (AR 12737; Harra et al. 2021).
In this work, we focus on a particular, well isolated Type
III burst observed on 2019 April 9. The radio context for
this day as observed by the FIELDS Radio Frequency
Spectrometer (FIELDS/RFS; Bale et al. 2016; Pulupa
et al. 2017) on board PSP is shown in Figure 2 with
the individual burst of interest indicated by a red box
around 12:40 UT. Clearly, it is one of many bursts on
this day and not the most intense however it presents the
advantage of being an isolated single burst observed by
multiple spacecraft and ground based instrumentation.

On 2019 April 9 the NOAA AR 12738 was lo-
cated near the east limb of the sun (NO6°E48° at
~18:00 UT and high magnetic flux density extend-
ing at least 10° further eastwards, see Figure 3). At
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Figure 1. Instantaneous ecliptic positions of the spacecraft
constellation used in this work at 12:00 UT on 2019/04/09,
expressed in Stonyhurst coordinates (Sun-Earth line at 0°
longitude). Each spacecraft is connected back to the Sun
by a 400 km/s reference Parker spiral. A black arrow and
black dashed Parker spiral indicates the longitude and nomi-
nal trajectory of emission from AR 12738, the likely origin of
the burst in this work. Note the “Earth” location is a proxy
for the locations of the Wind/WAVES, GOES-15/XRS and
LOFAR instruments, all used in this work. Figure generated
using https://solar-mach.github.io

this time AR 12737 was near the west limb and de-
caying rapidly. The soft X-ray 1-8 A flux measured
by the GOES X-ray sensor (XRS, Chamberlin et al.
2009) showed very small levels of activity, with only
B-class flares observable within the time range of our
event of interest. The radio and X-ray observations
are depicted in Figure 4 with panels (a-d) respectively
showing radio spectrograms observed by Wind/WAVES,
STEREO A/WAVES, PSP/FIELDS/RFS. The bottom
panel zooms out to a longer time interval and shows
GOES X-ray fluxes which are largely featureless both at
the time of the burst and in the preceding and following
hours. At 12:45UT a type III radio burst was observed
in the dynamic spectra from the Low Frequency Array
(LOFAR, van Haarlem et al. 2013) from 10-90 MHz and
STEREO-A/WAVES (S/WAVES, Bougeret et al. 2008)
and WIND/WAVES (Bougeret et al. 1995) from 0.4-
14 MHz (Figure 4a-b, and 4d). The same type III was
observed by the PSP/FIELDS/RFS instrument 6 min-
utes earlier, due to its closer proximity to the sun during
the event (timeshift applied in the plot, Figure 4c). The
relative positions and nominal magnetic connectivity of
the different spacecraft relative to the reference longi-
tude of the source active region is indicated in Figure 1.
Comparing the radio and X-ray data, this radio burst
was not well associated with any significant flaring ac-

ref. long. (vsw=400 km/s)
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tivity and was likely related to an ongoing noise storm
associated with AR 12738.

LOFAR observations of the type III from 10-90 MHZ
allow its emergence in the lower corona to be tracked out
to ~3 R (section 3.1). The observations of the same
type IIT radio burst by PSP, STEREO-A and WIND
provide the opportunity to localise the position of this
radio burst further out into the inner heliosphere and
associate it with a given IMF line. In-situ observa-
tions of energetic electrons by the STEREO A Solar
Electron and Proton Telescope (SEPT; Miiller-Mellin
et al. 2008) and lower energy electrons by the STEREO-
A Suprathermal Electron instrument (STE; Lin et al.
2008) suggest the burst electrons from this type ITI burst
can be tracked from its origin, low in the corona at AR
12738, far into the heliosphere all the way to STEREO-
A (see Figure 1). An energetic electron enhancement
of solar origin was indeed detected at STEREO A at
compatible times, although as discussed in section 4, we
do not conclusively isolate the individual contribution of
this burst from the overall population produced by the
ongoing noise storm.

3. METHODS
3.1. Imaging and deprojection of LOFAR radio sources

During PSP encounter 2 the 36 core + remote stations
of the LOFAR-provided interferometric observations of
the sun, generating imaging spectroscopy observations
in the range of 10-90 MHz (the remainder of the inter-
national array was also used to perform beam-formed
observations of interplanetary scintillation during this
observing period). A dynamic spectrum of the type
IIT radio burst observed by LOFAR is shown in Fig-
ure 4(d). LOFAR interferometric data was calibrated
(from simultaneous observaions of Tau A) and processed
using the Default Preprocessing Pipeline (DPPP; van
Diepen et al. 2018) followed by an implementation of
w-stacking clean (WSClean; Offringa et al. 2014) to
produce images with a cadence of 1.67 seconds. Images
at seven frequencies from ~20-80 MHz are displayed in
Figure 5a, showing radio sources overplotted on an ATA
171 A image and a potential field source surface (PFSS)
magnetic field extrapolation using pfsspy (Stansby et al.
2020) and data from the Global Oscillation Network
Group project (GONG; Harvey et al. 1996). The time
of the GONG magnetogram used for the extrapolation
was 13:04 UT, on April 9th 2019, with a source surface
radius of 2.5 Rg. The type III radio sources clearly em-
anate from AR 12738 along the negative open field to
the south of the active region.

In order to determine the location of the type III radio
burst sources with respect to the parent active region,
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Figure 2. PSP/RFS radio spectrogram for 2019 April 9th. Each vertical stripe is a Type III burst. The ~12:40 UT burst
studied in this paper is indicated by the red box annotating the figure. The broadband signatures at lower frequencies are due
to variations in the in situ electron plasma parameters (Moncuquet et al. 2020; Liu et al. 2021)
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Figure 3. HMI magnetogram showing AR 12738 located
near the east limb of the sun (48°E). During PSP encounter
2, this AR was associated with a long-duration radio noise
storm in which continuous type III activity was observed
(Pulupa et al. 2020; Krupar et al. 2020; Cattell et al. 2020)

a basic deprojection using the Newkirk density model
(Newkirk 1961) was performed. We assume the type III
emission is from harmonic emission in an atmosphere
described by a coronal density model where the sources
are located at a height of 7,,,04e;- Their distance from the

plane of sky (POS) is then z = ,/r2 ., — 72, where

Tpos 15 the height of the radio sources on the POS. Al-
though it is a rudimentary deprojection, it places the
type III radio burst sources where we would expect
them, in an open field region (from a PFSS model) ac-
cessible to an active region , see Figure 5.

The angle from the sky-plane of the type III burst
roughly matches where the interplanetary type III is lo-
cated from PSP-SWAVES-WAVES time-of-flight analy-
sis (section 3.2, below). A few caveats are noted how-
ever: (i) the deprojection uses an arbitrary, and spher-
ically symmetric, density model (one of many possibili-
ties), so gives only a rough indication of the source po-
sitions, (ii) the radio sources are also large at these fre-
quencies, the sizes of the green spheres in the 3D plot
are l-sigma from a Gaussian fit to the sources in the
LOFAR images.

3.2. Time-of-flight using PSP, STEREO and Wind

As noted above, this burst was also observed
at frequencies below ~14 MHz in the three space-
based radio instruments S/WAVES, Wind/WAVES and
PSP/FIELDS (see Figure 4). At these frequencies, the
burst is travelling over interplanetary distances and thus
the length scales of the trajectory and variation in light
travel time to the different observers are on the order
of light minutes. Radio waves at these frequencies do
not penetrate the Earth’s ionosphere so direct interfero-
metric imaging is not available with current space-based
instrumentation.

However, all the above instruments produce dy-
namic spectrum with a cadence of <1 minute (60s for
Wind/WAVES, ~38s for S/WAVES and ~7s for PSP),
and on the date of this case study were all located mul-
tiple light minutes apart. Thus, the light travel time
from the burst to the different spacecraft can be signif-
icantly different and, critically, measurable. With the
assumption of straight line propagation from a unique
source position to each spacecraft, the difference in time
of arrival at a given frequency between different space-
craft can be used to make a simple geometric reconstruc-
tion of the most likely source position (see Alcock (2018)
and Appendix 1). With this method and a constellation
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Figure 4. A type III radio burst observed with (a)

WIND/WAVES, (b) STEREO-A/WAVES (S/WAVES), (c)
PSP/FIELDS and (d) LOFAR. The radio burst is observed
at LOFAR, S/WAVES and WIND/WAVES at ~12:45UT as
they are all located at a distance of ~1 au from the Sun,
while it was observed 6 minutes earlier by PSP due to its
closer proximity to the sun at ~ 50Rs. Using a PSP-Earth
light travel time, PSP’s dynamic spectra has been shifted by
+385.80s to match the one of LOFAR. Visual confirmation
shows a match of the bright and fainter bursts. An additional
zoom out panel shows GOES X-ray flux for several hours ei-
ther side of the burst in energy channels 0.5-4.0~ A (blue)
and 1.0-8.0~ A (red), demonstrating the lack of strong flare
events associated with these bursts.

of three well-separated instruments, the position may
only be confined uniquely in 2D and so we make the as-
sumption that the source is approximately located in the
ecliptic plane, which is supported by the near-equatorial
parent active region and associated coronal open field
lines (Figure 5), and complementary localization efforts
by Krupar et al. (2020).

The result of such a reconstruction as a function of
frequency for the burst studied in this paper is depicted

15:00:00

Helioprojective Latitude (Solar-Y) [arcsec]

2000"

1000"

o"

-1000"

‘L(’,JFAR 20.31 MH‘Z

-2000"

AIA 17.1 nm 2019-04-09T12:44:57.35 UT
-2000" 0"
Helioprojective Longitude (Solar-X) [arcsec]

2000"

Figure 5. (a) Type III radio burst sources observed by
LOFAR from 20-80 MHz overlaid on a PFSS magnetic field
extrapolation using GONG. The type III sources emanate
from the active region near the east limb and are situated
close to the negative open magnetic field rooted in the ac-
tive region. (b) A deprojection of the radio sources using a
Newkirk density model (Newkirk 1961), assuming emission
at the second harmonic of the local plasma frequency. This
places the radio sources on the open field lines ~40° beyond
the east limb. This agrees well with the trajectory of the
radio sources in Figure 6
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in Figure 6. The implementation procedure is detailed
in appendix 1. The top panel of Figure 6 provides
an overview of the whole inner heliosphere, depicting
the spacecraft constellation triangle consisting of PSP,
Wind and STEREO-A, as well as the burst reconstruc-
tion coloured from light to dark as it drops in frequency
and moves out from the sun. The solid markers indi-
cate the positions corresponding to the central value of
the measured time delays, while the diffuse cloud indi-
cates the uncertainty in position obtained by varying
the measured time delay within the time resolution of
the instruments. Two dotted lines indicate Parker spi-
rals initiated at 30°E and 60°E relative to the central
meridian with solar wind speed of 400 km s~!, informed
by in situ measurements at STEREO-A at this time.
These show that it is plausible that energetic electrons
injected in the vicinity of these interplanetary field lines
would reach STEREO-A (Section 3.3).

The bottom panel of Figure 6 zooms in on the recon-
structed type III trajectory and uncertainty region. Red
dots close to the origin indicate the source positions as
reconstructed by LOFAR (Section 3.1) and plotted in
the ecliptic plane. This shows the two methods agree
very well with the directivity of the burst onto field lines
associated with AR 12738 and which intersect the or-
bit of STEREO-A. It also shows directly that the burst
moves outwards from the sun as it drops in frequency.

It is worth noting the time delay generated trajec-
tory implies the burst has been tracked out to 40 Rg.
However, the lowest frequency observed at PSP is only
800 kHz for which typical density models (e.g. Leblanc
et al. 1998) would suggest the outer radius at which
emitted radiation reaches PSP is only ~10 Ry (20 Rg)
for fundamental (harmonic) radiation. This implies (as
previously noted e.g. by Steinberg et al. 1984; Thejappa
& MacDowall 2010; Thejappa et al. 2011) that refractive
effects on the radio wave propagation likely affect the ar-
rival time, at least near the emission site where the local
plasma frequency and radio frequency are similar. Kon-
tar et al. (2019) have shown at coronal distances that
density scattering can result in the apparent type III
source radii appearing at higher altitude than their true
location with a correction of the order of the distance
itself (i.e. for heliospheric altitudes this would corre-
spond to 10s of solar radii consistent with the observed
discrepancy in the present work). Krupar et al. (2018)
and Krupar et al. (2020) have shown such density fluctu-
ations are of fundamental importance in understanding
the shape of the time profiles of type III bursts in the in-
ner heliosphere. As such, the burst trajectory produced
here is likely a “lensed” version of the true trajectory for
which the true radii are smaller. A detailed analysis of

these propagation effects on the time-of-arrival localiza-
tion technique will be the subject of future work, but we
note the work of Kontar et al. (2019) suggests the lens-
ing is primarily a radial shift and that the directivity of
the burst trajectory remains reliable.

For this case study we are therefore confident that the
correspondence between the coronal and interplanetary
localization indicates the true path of the burst in escap-
ing the corona onto open field lines. Further, the direc-
tivity and association with AR 12738 is consistent with
localization performed by Krupar et al. (2020) where
the authors use a different but complementary triangu-
lation technique on a burst 6 days earlier (April 03 2019)
when AR 12738 was behind the East limb. They place
this burst within 30 degrees of the ecliptic plane, which
would suggest a small correction (~10%) in light travel
time to our ecliptic propagation assumption. With the
direct imaging from LOFAR placing the burst studied
here near the ecliptic we argue this is a good approxima-
tion for our burst. The combination of the localization
of Krupar et al. (2020) with our work strengthens the
inference of the source and evokes a picture of an indi-
vidual active region rotating with the sun and injecting
type III bursts into different regions of the interplane-
tary space with time.

Lastly, Figure 4 shows clearly that the burst continues
to propagate beyond the maximal triangulated distance,
since radio emission is observed in Wind and STEREO-
A at frequencies below the lowest frequencies observed
by PSP. This suggests the beam reaches regions where
the local plasma frequency is below the in situ plasma
frequency at PSP, so radio emission cannot propagate
inwards towards PSP. Thus it is plausible that electron
beams along these mapped field lines can make it out to
reach STEREO-A at 1 au.

3.3. In-situ analysis

As mentioned in the previous section, Figure 6 shows
that the magnetic connection along nearby Parker spiral
field lines would allow the potential in situ detection by
STEREO-A of the electrons produced during the solar
eruption origin of the type III emission, although the ex-
act nominal 400 km/s connection of STEREO A would
be westward of the AR (see Figure 1).

We have analyzed energetic electrons measurements
from the SEPT and the Solar Wind Electron Analyzer
(SWEA; Sauvaud et al. 2008) instruments on board
STEREO-A to determine whether such electrons were
detected. We further contextualize the in situ environ-
ment around the spacecraft at this time with magnetic
field measurements from STEREO-A/IMPACT/MAG
(Acuna et al. 2008) and thermal plasma measurements
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Figure 6. Triangulation of type III radio burst trajectory
in the inner heliosphere, shown in the ecliptic plane. The po-
sitions are from a time-of-flight method to PSP, WIND and
STEREO-A, the locations of which are indicated. The solid
markers represent the central value, while the diffuse cloud
shows the position uncertainty due to the impact of the in-
strument time resolution on the time-of-flight measurement.
The color of the burst trajectory indicates the measured fre-
quency at a given position. The bottom panel zooms in on
the burst down to PSP’s radius allowing both the time delay
derived trajectory and LOFAR imaging results (red scatter
points) to be compared. The dotted lines indicate Parker
spirals generated for 400 km/s solar wind starting at 30°E
and 60°E relative to the central meridian. The faint blue
and red dotted circles depict the heliocentric distances of
PSP (~ 50Rsun) and of 1 au, respectively. The coordinate
frame is Heliocentric-Earth-Ecliptic (HEE) with the sun at
the origin, Earth located along the x-axis and the x-y plane
is the ecliptic (Earth’s orbital plane).
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Figure 7. In situ observations by STEREO-A on 2019
April 9. From top to bottom: 55-85 keV electron intensi-
ties measured by the four telescopes of the STEREO/SEPT
instrument, pitch angles scanned by the central axes of these
four-telescopes, magnitude and components of the magnetic
field vector in the spacecraft-centered RTN coordinate sys-
tem, pitch angle distribution of suprathermal electrons at
246.6 eV (color for the logarithm of phase space density), so-
lar wind proton temperature, density, and speed. The yellow
shaded period, the same as the one marked in Fig. 10, indi-
cates a period with peculiar field direction studied in detail.

particle telescopes which measure electrons in the en-
ergy range of 40-400 keV. The four apertures of SEPT
were termed Sun, Anti-Sun, North, and South owing
to their looking directions along the nominal Parker
spiral direction in the ecliptic plane (Sun and Anti-
Sun) and perpendicular to the ecliptic plane (North and
South). In the original configuration of the STEREO-
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A spacecraft, the longitudes of the central axis of
the Sun and Anti-Sun apertures in the spacecraft-
centered Radial-Tangential-Normal (RTN) coordinate
system were ¢g,,~135° and ¢ 4s,n~—45°, respectively,
designed to align with the nominal Parker Spiral az-
imuthal angle at 1 au. However, after the STEREO-
A superior conjunction with Earth in early 2015, the
spacecraft changed orientation resulting in the Sun and
Anti-Sun apertures still pointing in the ecliptic plane
but now perpendicular to the nominal Parker spiral di-
rection, with ¢g,n,~—135° and ¢ 4 sy ~45°, respectively.

On 2019 April 9, a small electron intensity enhance-
ment at energies below ~100 keV was observed by
STEREO-A/SEPT close to the emission time of the
Type IIT burst studied in the previous section. Fig-
ure 7 summarizes the in situ context at the location
of STEREO-A at the relevant times. In the top panel,
we see timeseries of 55-85 keV electron intensities mea-
sured by the different apertures of SEPT. The onset of
the electron event is most clearly seen in the “Sun” aper-
ture (red trace, top panel) and occurred after ~12:40 UT
(first dashed line). A current sheet crossing indicated by
the magnetic field orientation changing to ¢ ~ —135°
occurred at ~13:08 UT (second dashed line) when elec-
tron intensities were still increasing. Electron intensities
reached a maximum at about ~13:30 UT, and slowly
decreased to pre-event intensities at about ~15:00 UT.
Throughout all this period, the magnetic field lay close
to the ecliptic and perpendicular to the nominal Parker
spiral field direction, which makes the post-superior-
conjunction orientation of the Sun and Anti-Sun aper-
tures of SEPT ideal for the detection of these electrons.
Prior to the current sheet, the ecliptic component of
the field was oriented at 45° in the RT'N coordinate
system, and then flipped 180° to point at —135°. The
entire interval of this “perpendicular-to-Parker” inter-
val is captured by the yellow box superimposed on the
different panels. The current sheet crossing happens ap-
proximately halfway through this interval.

The second panel of Figure 7 shows the angle between
the instantaneous magnetic field direction (RTN compo-
nents shown in the third panel of the figure) and the cen-
tral axis of each one of the SEPT apertures; the orange
and red trace’s close alignments with 0° and 180° in-
dicate the favorable orientation of the instrument aper-
tures for detecting particles propagating along the mag-
netic field, with the two traces switching places at the
current sheet crossing.

The fourth panel down presents the pitch angle dis-
tribution of suprathermal electrons at 246.6 eV as mea-
sured by SWEA. Prior to the current sheet crossing,
the pitch angle distribution (defined relative to the local

field orientation) is anisotropic and peaked at 0° indi-
cating it is parallel to the field lines. After the current
sheet crossing, the distribution is peaked at ~180° i.e.
antiparallel to the field lines. Given the field orientation
has flipped 180°, this indicates the dominant direction of
the suprathermals remains consistent and at all times is
flowing into the direction of the SEPT “Sun” aperture.
After the current sheet and coincident with the peak in
55-85 keV electrons, the suprathermal electrons do be-
come more isotropic (but still clearly single-peaked); this
pitch angle spread decays away on the same timescale
as the energetic electron population decreases to back-
ground levels.

We note the pitch angle distributions of the 246.6 eV
electrons are consistent with the arrival direction of the
energetic electrons (flowing into the SEPT “Sun” aper-
ture. This suggests the field lines at STEREO A at this
time are open (1 footpoint connecting to the Sun) and,
since the energetic electrons arrive from the direction of
this footpoint, they are likely of solar origin.

Finally, plasma temperature, density and radial flow
speed are shown respectively in the latter three pan-
els of Figure 7. The lack of sharp changes in any of
these quantities during the energetic electron enhance-
ment indicates there is no evidence that the electrons
are a local enhancement due to interplanetary processes
such as shock acceleration, but instead supports a solar
origin. This is further supported by longer term in situ
context described in appendix 2 from which we see there
was no SIR or CME candidate close enough in time to
source the energetic electrons measured, and that the
background solar wind stream likely had a distinct so-
lar source evidenced by a peak in solar wind Fe charge
states.

The unusual magnetic field orientation observed dur-
ing this electron event raises questions about the in-
terplanetary context under which this event occurred.
Specifically, the electron event occurred during the pas-
sage of a peculiar structure with magnetic field orien-
tation perpendicular to the nominal Parker containing
a current sheet crossing which rules out the simplest
picture of a single Parker spiral field line connecting
STEREO-A back to the active region source of the Type
IIT burst.

A 55 keV (85 keV) electron would take about ~23 (~
19 minutes) to travel a distance of 1.2 au along a nominal
Parker spiral for a spacecraft located at 1 au from the
Sun. For an observer located at 0.967 au like STEREO-
A, a 55 keV (85 keV) electron would take about ~18 (~
15 minutes) to travel the radial distance from the Sun
to the spacecraft. The actual path followed by these
electrons before reaching STEREO-A when embedded
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in this structure, as well as how this structure modified
the STEREO-A magnetic connection with the Sun, are
uncertain. This means mapping arrival time of the event
at STEREO-A back to a specific emission from the Sun
is difficult, although the nominal Parker spiral delays
quoted above are likely to represent a lower bound on
expected time delays.

We note that the first radio waves associated with
the type III radio burst were detected by LOFAR at
12:45 UT implying a release time in the low corona of
~12:37 UT. This appears too late therefore to explain
the initial onset time of the energetic electrons observed
in situ by STEREO-A/SEPT at ~12:40 UT. More-
over, the timescale of the whole enhancement tracked by
SEPT is of order 1-2 hours, significantly longer than the
timescale of any given burst, suggesting multiple bursts
could be contributing to the population. However, the
anisotropic electron enhancement which continued dur-
ing the current sheet passage at 13:08 UT and the sub-
sequent electron intensity peak at ~13:30 UT are com-
patible with electrons injected during the type III radio
burst analyzed in Section 3. This suggests that although
the burst likely can’t explain the entire enhancement
it contributes part of the population during the rise in
energetic electron population level. The anisotropy in
electron strahl throughout this interval, lack of shock or
other CME candidate events at compatible times, and
other evidence presented above and in appendix 2, sug-
gest that the enhancement is an electron beam of solar
origin, and the Parker spiral connection of STEREO at
this time points to the same AR that produced the type
III burst as the likely origin. The “perpendicular-to-
Parker” field configuration makes the picture somewhat
more challenging to sketch but a plausible scenario and
schematic is presented in section 5 below.

4. RESULTS

Here we summarize the results of our multi-instrument
anaylsis tracking a case study of a single well isolated
type III radio burst from its emission onto open field
lines by a source active region, its propagation through
the corona and out into interplanetary space and lastly,
its possible association with in situ measurements from
the STEREO-A spacecraft near 1 au.

Following on from Pulupa et al. (2020), we investi-
gated an interval of significant radio activity that oc-
curred during the second encounter of PSP in April 2019
(see Figure 2). Among hundreds of type III bursts, we
identified an individual well-isolated case study which
was observed in 1 au dynamic spectra corresponding to
coronal altitudes at 12:45 UT on April 9 2019. The
burst was clearly identifiable at interplanetary frequen-

cies with plausible time delays by widely separated in-
terplanetary spacecraft (Figure 4), specifically PSP at
50Rs, Wind/WAVES at the Earth-Sun L1 Lagrange
point, and by STEREO A/WAVES at 1 au, at slightly
more than 90 degrees from the Earth-Sun line (see Fig-
ure 1).

Using radio imaging with the Low Frequency Array
from 20 — 80 MHz and a simple deprojection analy-
sis assuming a Newkirk coronal electron density model
(Newkirk 1961), the burst was placed in 3D space at
coronal altitudes at longitudes clearly associated with
AR 12738 located at NO6°E48° in helioprojective coor-
dinates on April 9, 2019 (Figure 3). This was consistent
with the association of the overall type III activity on
these dates made by Pulupa et al. (2020); Krupar et al.
(2020); Cattell et al. (2020). The imaging showed the
burst increasing with altitude with decreasing frequency
and the deprojection placed it in a region of open mag-
netic field lines in the vicinity of the relevant active re-
gion (Figure 5). GOES/XRS measured X-Ray radiation
over this time which indicated that there was no signif-
icant flaring component associated with the injection of
the burst (Figure 4).

Having established the burst to be injected onto open
field lines and therefore expected to reach interplane-
tary space, we investigated the source propagation out
to several 10s of solar radii using a novel time delay
technique (see appendix 1) leveraging the multi-light
minute separation between different heliospheric space-
craft with radio spectra instrumentation (PSP, Wind
and STEREO-A). This analysis yielded a trajectory for
the burst at frequencies from 10 MHz down to 800 kHz
at which point the radio frequency became evanescent
along paths to PSP (this means the burst propagated
beyond the heliocentric distance of PSP). The derived
trajectory showed the burst to be increasing in distance
from the Sun with decreasing frequency, and to be di-
rected along a longitude consistent with the active re-
gion and coronal trajectory found by LOFAR. This con-
sistency utilizes an error region from the analys com-
puted by accounting for the limited time resolution of
the individual instruments radio data products, most
significantly that of Wind/WAVES for which the most
accessible data product has a time resolution of 1 minute
for each spectrum. The actual distances computed were
larger than expected from typical interplanetary den-
sity models, which suggests scattering by density fluc-
tuations at the emission location is an important effect
which effectively lenses the burst and makes it appear
to be sourced at higher altitudes (Kontar et al. 2019).
This is discussed further in Section 5.
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Lastly, motivated by the consistent longitude between
the active region, LOFAR imaging, interplanetary tri-
angulation, and Parker spiral field lines which mapped
to the location of STEREO A, we examined in de-
tail the signatures of energetic electrons at that space-
craft to determine if the electron beam was detected
at 1 au. An energetic electron event was indeed ob-
served at STEREO A at compatible times, although its
true onset (12:40 UT) was too early to be explained
by the specific burst studied here (emitted at approxi-
mately 12:37 UT).The duration of the electron enhance-
ment (peaking at 13:30 UT) is compatible with the elec-
trons that generated the type III radio burst arriving
at STEREO-A during the rising phase of the 55-85 keV
electron event and suggests they contribute to the peak
of this electron event. Further, detailed in situ analysis
of the solar wind stream that swept past STEREO A at
this time demonstrated clear evidence that the energetic
electrons measured were solar in origin and were not as-
sociated with any in situ electron energization processes.
The magnetic field lines at the event time were per-
pendicular to the nominal Parker spiral direction, how-
ever since the suprathermal electron pitch angle distri-
bution was singularly peaked at all times, the field lines
were likely magnetically open and would be expected to
connect in the vicinity of the active region of interest.
We suggest therefore that the burst likely contributes
to the population of energetic electrons measured by
STEREO-A, but that the overall population was com-
prised of multiple type III ejections which were happen-
ing near continuously on this and preceding days and
that STEREO-A only measures a subset controlled by a
favorable stream configuration advecting over the space-
craft at this time. In section 5 we include a proposed
schematic representation of the magnetic field configu-
ration which could explain the in situ signatures.

5. DISCUSSION & CONCLUSION

Taken together, our results show a successful multi-
instrument and multi-spacecraft analysis method which
can be used to trace an individual type IIT burst from
its emission source through the corona, into interplane-
tary space and assess its connection to in situ signatures
at 1 au. While the power of combining these different
measurements together is the key focus of this paper
it is worth discussing the implications of the individual
components of the analysis in their own right.

Starting from low in the corona, this study shows a
clear example of injection of an electron beam propagat-
ing into interplanetary space from a non-flaring (no en-
hanced X-ray flux to within the GOES-15/XRT sensiv-
ity level) active region. From Figure 4, we see the bursts

reaching interplanetary frequencies (i.e. bursts observed
in panel (c) and panel(d)) are an extremely small subset
of a number of other injections into the corona (all bursts
in panel (d)). The lack of associated X-ray emission and
numerous small bursts at coronal altitudes around our
event suggest there is a continous process of magnetic
flux emergence and reconnection happening low in the
solar corona throughout this time interval which is con-
stantly injecting energetic electrons onto coronal field
lines. The burst studied in this paper is the only one
in Figure 4 which is observed by radio instrumentation
at 1 au (panels (a) and (b) ) and is the brightest event
seen in this time interval in both PSP and LOFAR. Sev-
eral fainter events measured by PSP between 1-10 MHz
(see panel ¢) are drowned out by noise in S/WAVES
and Wind/WAVES suggest that more bursts leave the
corona than are measured by 1 au. Although the burst
being sufficiently bright to be observed at 1 au is a nec-
essary condition for the analysis we perform here, this
observation is worth motivating since the in situ analy-
sis in this work suggests energetic electron beams might
be being injected onto interplanetary field lines contin-
uously and not just by the brightest bursts.

The LOFAR imaging and deprojection analysis of the
burst showed the burst moving radially outwards along
open field lines in the vicinity of the active region (AR
12738) that was suspected of producing the overal noise
storm a priori. Additionally, the imaging yielded larger
apparent source sizes with decreasing frequency as the
burst propagated outwards, and this may encode infor-
mation about the nature of coronal density fluctuations
with increasing altitude. Given a type III electron beam
producing electromagnetic radiation at or near the local
plasma frequency, density fluctuations mean the emis-
sion can be refracted and reflected very strongly close to
the source. Kontar et al. (2019) showed through mod-
eling these fluctuations that the effect on the emitted
radiation is to produce a surface of last scattering at
higher altitudes and spread over a larger area than the
area of the burst producing the emission. As discussed
below, this effect is likely occurring in the interplane-
tary trajectory of the burst too. This shows that tracing
type III electron beams in this way is not only useful for
studying the phenomena themselves, but also the ambi-
ent medium through which they are traveling.

Continuing out into the inner heliosphere, the re-
sults from our time delay measurement demonstrate
the power of a very simple analytical construction but
also its limitations and possible convolution with helio-
spheric density structure. At the crudest level, our re-
sults demonstrate that the time delay of bursts observed
at locations multiple light minutes apart does contain
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real and non-trivial information about the trajectory of
the burst at interplanetary length scales. In particular,
we have obtained a directivity consistent with the source
active region and deprojection analysis in the corona of
the same burst. Further, we also see clearly that the
burst propagates outwards over time as the frequency
of emission decreases, in line with the canonical picture
of type Ills emitting radio waves near their local plasma
frequency or harmonic from an outward propagating en-
ergetic electron beam.

However, we found that the distance this analysis
places the burst at is too large to be explained by typical
density models, even assuming harmonic emission. As
discussed above, an inflated or “lensed” apparent source
height is in line with the theoretical expectations of the
effect of a power law of density fluctuations superim-
posed on a large scale spherically symmetric monotoni-
cally decreasing density model (Kontar et al. 2019). The
mechanism described by Kontar et al. (2019) by which
this effect occurs can be summarised as follows: When
radio waves are emitted near the local plasma frequency
of an inhomogeneous medium, the waves are strongly
scattered by density variations and undergo a random
walk. Waves that random-walk outwards (i.e. to larger
heliocentric distances) gradually move into a medium
with a lower plasma frequency due to the large scale
density gradient. Eventually, they reach a point where
they scatter one last time before being free to travel
in straight lines. This process leads to a “surface of last
scattering” from which radio waves propagate at straight
lines. This means that when time delay (or direction
finding) methods are used to localize the emission and
assume straight line propagation, the rays point to this
surface as the effective source, rather than the true emis-
sion location. Due to the radio waves needing to travel
to higher altitudes to escape in this way, the effective
source is necessarily further out than the true emission
location, leading to the inflated source altitude.

Although this former work was performed at coronal
altitudes, Krupar et al. (2018) and Krupar et al. (2020)
have shown that the time profiles of type III bursts in a
given frequency channel at interplanetary distances (in
particular their exponential tail off) are consistent with
a similar power law scattering process at work in the in-
ner heliosphere. This suggests combining this time de-
lay localization technique with density modeling is an
interesting direction for future work which would re-
sult in being able to correct the trajectory while fit-
ting amplitudes and power law slopes of density fluctu-
ations, and potentially differentiating harmonic and fun-
damental radiation since the effect of scattering should
be stronger on the latter type of emission. The cor-

Injected
electron
beams

Nominal

Direction and relative ‘'speed Parker Spiral

of advection

Figure 8. Schematic of the potential magnetic field config-
uration which advected over STEREO A during the time in-
terval studied (yellow shading in Figure 7 and 10). STEREO
A’s location is marked by the 2 black triangles indicating the
orientation of the SEPT Sun and Anti-Sun apertures which
were oriented perpendicular to the Parker spiral direction.
As noted in the main text, energetic electrons were observed
in the Sun aperture. A proposed large “kink” in an other wise
open magnetic field with two polarities (red and blue) are
shown separated by a current sheet (blacked dashed curve).
A yellow circle indicates the Sun where both field lines are
expected to have one footpoint located. A green dotted curve
indicates the nominal Parker spiral field line connecting to
STEREO A’s location, and demonstrates how the local field
and SEPT apertures are located perpendicular to this direc-
tion. Near the Sun, purple ellipses with arrows indicate that
electron beams are being injected onto these open field lines
and propagating outwards towards STEREO A. As noted
in the main text, since this population measured by SEPT
occurs either side of the current sheet, electrons are likely
being injected on both field lines. Lastly, grey solid arrows
indicate the proposed flow velocity across the kink. The flow
direction suggests the kink would wash over STEREO A’s
location over time, and that from left to right there is a rar-
efaction in wind speed (measured by STEREO A) which is a
possible explanation for how such a magnetic field line shape
could form.

rected trajectory would also provide accurate measure-
ments of the density variation in the inner heliosphere,
and provide a direct tracing method for interplanetary
field lines.

Next, we discuss the solar wind context which ad-
vected over STEREO-A at the time it measured en-
ergetic electrons in situ. As mentioned in Section 3.3
the magnetic configuration measured by STEREO-A at
the time of the energetic electron enhancement was un-
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usual: While the nominal Parker spiral expectation is for
the field to be oriented at either —45° (anti-sunward) or
+135° (sunward) in the RTN coordinate system in which
the local radial direction is defined as 0°, for this inter-
val the field directions were near perpendicular to this at
+45° first, then rotating by 180° to +135°. The SWEA
measurements of the pitch angle distribution, and other
information suggesting a solar origin for the solar wind
measured stream, suggest the field line is not a closed
loop but instead open with one footpoint tracing back to
the Sun. To have a perpendicular-to-Parker configura-
tion, the field line must therefore have a significant kink
in it. The measured current sheet further complicates
the picture by suggesting two streams of opposing po-
larity distorted in the same way. A schematic drawing
suggesting a possible scenario is depicted in Figure 8 in
which the field lines and current sheet are shown with a
large kink in the vicinity of STEREO-A’s location. The
orientation of the STEREO-A SEPT Sun and Anti-Sun
apertures are also illustrated, along with the direction of
the electron strahl which determines the orientation of
the kink in this cartoon. As time passes, this kink would
advect out and over STEREO A, which would first mea-
sure the +45° inclined IMF, followed by a current sheet,
followed by the —135° inclined IMF. The longitudinal
mapping of the field line would be affected by the pres-
ence of such a kink, with the size of the shift determined
by the transverse scale of the kink. With the kink ori-
ented in the sense shown here, the extra shift relative
to the nominal Parker spiral is in fact Eastwards, which
is the right direction to account for hte slight misalign-
ment indicated in Figure 1. We see that the implied
orientation of the current sheet would suggest that the
+45° IMF maps to positive polarity in the corona, and
the —135° segment maps to negative polarity.

A plausible generation mechanism for such a kink
(which is reminiscent of the switchbacks frequently ob-
served by PSP, e.g. Bale et al. 2019; Kasper et al. 2019,
but much larger scale) would be a velocity shear such
as proposed by Schwadron & McComas (2021) leading
to what those authors term the “super-Parker spiral”.
This is a simple effect of the distortion of a frozen-in
Parker field line in the presence of a velocity shear. For
the schematic shown in figure 8, the velocity shear is ori-
ented as indicated by the size of the large gray arrows
at the inflection points of the curve. This leads to the
expectation that STEREO A would measure a gradual
decrease in solar wind velocity with time as the kink
washes over it, and indeed this is what is seen in the
bottom panel of Figure 7.

Finally, we can comment on the implications of this
sketched magnetic configuration for the interplanetary

type III injection. As mentioned early, the energetic
(55-85 keV) electrons measured by STEREO A/SEPT
has an onset time of approximately 12:40 UT, rising
as STEREO A crossed the current sheet and peaking
around 13:30 UT before decaying away by 15:00 UT (all
times on April 9 2019). Combined with our proposed
schematic, we therefore interpret that there was a sig-
nificant spread in field lines onto which the Type III
noise storm was injecting electrons during time interval,
including potentially on both sides of a polarity inver-
sion line in the source active region. Given the event has
an earlier onset than can be explained by the brightest
type IIT at these times which we tracked in this work (see
Figure 4), we suggest that there were other injections of
energetic electrons onto interplanetary field lines that
did not produce bright type III emission. LOFAR ob-
servations (Figure 4d) verify that such ubiquitous type
IIT emission was occurring in the corona.

Given this near continuous emission (Cattell et al.
2020, found periodicities as rapid as 5 minutes) and the
apparent connection between the start and end of the
“perpendicular-to-Parker” stream and energetic elec-
tron populations in the STEREO-A data, this could in-
dicate that throughout this time interval there are a lot
of energetic electrons reaching 1 au, but the fortuitious
alignment of a kink or other disturbance in the interplan-
etary field lines with the alignment of the STEREO-A
SEPT apertures was required for these low flux events to
be detected. We reiterate that although the onset of en-
ergetic electrons at STEREO-A cannot be explained by
the event time of our specific event, the canonical arrival
time (~19min) is consistent with the sharp rise in elec-
tron flux over this time, and given the non-Parker spiral
configuration of the field line, the travel time is likely
to be longer than this, meaning our event could feasibly
be responsible for the peak in electron flux measured by
SEPT at this time. In either case, we are confident that
the population at SEPT is contributed to by our stud-
ied Type IIT event and thus we conclude that we have
successfully traced an event from emission at the Sun
out to 1 au in this work.

It is worth remarking that the association of in situ
electron signatures with specific solar eruptive events is
non-trivial in this case. In particular, we are unable
to unambiguously associate a specific initial radio burst
with the onset of the electrons at 12:40 UT. This situ-
ation contrasts with prior examples where clear linkage
was observed, usually with more impulsive (O(10 min))
electron enhancements (e.g., Klassen et al. 2011). For
example, Krucker et al. (1999) studied 70 impulsive elec-
tron events and identified several directly traceable to
specific type III bursts according to arrival time. Wang
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et al. (2012) also showed a good statistical associated
between energetic electron arrival and type III occur-
rence rate over a whole solar cycle. Krucker et al. (1999)
and Haggerty & Roelof (2002) identified near-relativistic
electron events for which the estimated release time of
the electrons was delayed with respect to the onset of the
type III radio bursts, but still found the electron event
could be associated with a specific burst after account-
ing for this delay. Those authors suggested this delay in-
dicates a separate population of electrons emitted later
than those causing the radio waves (a prompt emission).
This raises the possibility that in our case we are seeing
delayed electron beams emitted from a range of type
IIT bursts, including those where the radio brightness
is small or not obviously interplanetary. Further, given
the continuous enhancement over several hours, these
individual injections most likely merged together for ex-
ample via perpendicular diffusion (e.g., Strauss et al.
2017)

In closing, we have studied and tracked a non-flare
related interplanetary Type III burst from its active re-
gion source, along open coronal field lines, along inter-
planetary field lines and shown evidence that it con-
tributes to an energetic electron enhancement measured
by STEREO-A at compatible times. A peculiar stream
configuration at STEREO-A showed that the nominal
Parker spiral connectivity is not necessarily needed for
type III electrons to make it to lau. To bring this story
together we needed to make use of complementary obser-
vations including solar magnetograms, GOES X-ray ob-
servations, LOFAR ground based radio imaging observa-
tions, interplanetary radio dynamic spectra from widely
separated interplanetary spacecraft and lastly, the pow-
erful suite of in situ instruments on board STEREO A.
This demonstrates the power of using the heliospheric
systems observatory (HSO) for connecting the inner he-
liosphere and solar corona and demonstrates a useful
future combination of techniques for tracking type III
burst both for studying their intrinsic properties, as
well as the convolved information they carry about the
medium they propagate through. Since the launch of So-
lar Orbiter in 2020 (SO; Miiller et al. 2020), there is a
4th source of interplanetary radio observations, leading
to the possibility of extending the interplanetary part
of this analysis to full 3D localization (i.e. relaxing the
ecliptic confinement assumption), as well as giving an-
other location in the heliosphere where in situ signatures
could potentially be detected. Combined techniques as
shown in this paper will therefore continue to become
more capable and powerful as our instrumentaiton of
the heliosphere continues to become more complete.
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APPENDIX

1. TIME DELAY OF ARRIVAL (TDOA)
TECHNIQUE

In this work, we utilized the time delay of arrival
(TDOA; Alcock 2018) technique to derive the trajec-
tory of the type III source region at heliospheric distance
scales (i.e. large fractions of an au). In this appendix we
explain the methodology used to derive these distance
estimates.

At the top level, we take radio spectrogram data from
three individual spacecraft (for the event studied in
this work, Parker Solar Probe/FIELDS/RFS, STEREO-
A/WAVES and Wind/WAVES) which are mutually sep-
arated by large enough distances (light travel time
longer than several minutes and therefore longer than
each instrument’s time resolution). For each spacecraft
we cut the spectrogram at a given frequency to ob-
tain a time series of radio intensity at that wavelength,
and then locate the peak of type III emission in that
timeseries. To do this, we fit a ‘flare profile’ function
(Gryciuk et al. 2017) which, although developed to ex-
plain the time profile of solar flare X-ray flux, also works
very well for type III time profiles which have the same
steep, near gaussian rise followed by an exponential tail.
This gives us an absolute “time of arrival” at each space-
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craft. Then, for each pair of spacecraft, we find the dif-
ference in time of arrival. Combining this with a baseline
defined by the vector separation of the relevant space-
craft and assuming (1) free streaming radio emission
from source to receiver and (2) near-ecliptic propaga-
tion of the burst, we can specify a single 2D hyperbola
in the ecliptic plane along which the radio emission at
that wavelength originates subject to the two assump-
tions above.

Obtaining such a hyperbola for two pairs of space-
craft (three spacecraft total) is sufficient to constrain
the source position to a single point. Algorithmically,
it results in two points, one sunward of the baseline
and one anti-sunward, but we can rule out the anti-
sunward source due to (1) the monotonically decreasing
solar wind electron plasma density which prevent radio
emission travelling inwards in the heliosphere, (2) simply
that there are no credible alternatives to the canonical
picture that type III bursts originate at the Sun.

Further, we can estimate a conservative error region
by utilizing the instrument resolution for each spec-
trogram measurement. For PSP/RFS, S/WAVES and
Wind/Waves these are Ts, 38.05d and 60s respectively,
and should be summed to give an error in relative time
of arrival between each pair. This is conservative since
the time profiles of type III emission at a given wave-
length are observed to be smooth profiles and we can fit
to find the peak more accurately than the actual instru-
ment resolution. The propagation to the source posi-
tion effectively blurs the hyperbolae to give finite thick-
ness. Intersecting these blurred profiles with three in-
dependent spacecraft measurements results in a hexag-
onal source region whose aspect ratio depends on rela-
tive spacecraft position (note that while the centroid is
uniquely determined by two time delay measurements
from three spacecraft, the error region is further con-
strained by including all permutations (three time delay
measurements) from the three spacecraft. This hexagon
can be found either by forming a minimum area con-
vex hull from the analytic intersections of the edges of
the blurred hyperbolae as illustrated in figure 9, or more
simply as done in this paper by randomly sampling time
delay measurements within the stated error bounds and
populating the source positions in the ecliptic plane.

This source analysis method and error region forma-
tion process, similar to that presented by Alcock (2018),
is summed up here in figure 9 for an example configura-
tion with STEREO-A, STEREO-B and Wind in 2013.
Here the time delays, noted on the plot in the same color
as the relevant baseline are example values for illustra-
tive purposes.

The remaining step to produce a full source trajec-
tory as presented in the main text is to iterate this in-
tersection process over frequency. In this work, we fit
a smooth curve to each frequency (f) channel’s peak
flux timestamp (¢), allowing inter-frequency interpola-
tion since the channels in the different spacecraft are not
precisely aligned. Specifically, we fit a second order poly-
nomial function to the set of values (1/f,t), where we
use the reciprocal of the frequency (wavenumber) since
this results in a curve well approximated by a quadratic.

2. LONGER-TERM IN SITU CONTEXT

For further context and to support our intermediate
conclusion that STEREO-A was connected back to the
Sun at the time of interest, we zoom out to a longer time
interval preceding and following the event in Figure 10.
From top to bottom, this figure shows the pitch angle
distribution of suprathermal electrons at 246.6 eV as
measured by STEREO-A/SWEA (c.f. panel 4, Figure
7), the solar wind speed V, the solar wind proton density
Np, the solar wind proton temperature 7, the magnetic
field magnitude, the three components of the magnetic
field vector in the spacecraft-centered RTN coordinate
system, the magnetic field azimuth angle ¢ in RTN co-
ordinates, the plasma [ parameter, the total pressure
P; computed as the addition of the magnetic pressure
plus the solar wind plasma thermal pressure, and the
distribution of iron charge states @Qp. as measured by
STEREO-A/PLASTIC (Galvin et al. 2008). The red
line in the T}, panel indicates the expected temperature
according to the measured speed V following the expres-
sion by (Lopez 1987; Richardson & Cane 1995). The
horizontal red and blue lines in the ¢ panel indicate the
nominal Parker spiral azimuthal direction at -45° and
135°, i.e., the anti-sunward and sunward directions, re-
spectively. The yellow shaded vertical bars as in Figure 7
and Figure 10 indicate the interval of perpendicular-to-
Parker field lines during which the Type III burst of
interest occurred.

From Figure 10, we see this structure was preceded
by a stream interaction region (SIR) observed from
14:13 UT on April 7 to about ~17:30 UT on April 8
that was accompanied by an increase of <1 MeV ion in-
tensities as observed by STEREO-A/SEPT (not shown
here). The stream interface of this SIR is indicated with
the magenta dotted vertical line in Figure 10 and it was
preceded by a weak forward shock at 14:13 UT on April
7 (blue vertical dotted line). Occurring more than 2
days in advance of our event, this structure is unlikely
to have any bearing on the April 9th stream.

During the period of interest (yellow shaded bar), the
distribution of iron charge states Qp. was slightly ele-
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Figure 9. Schematic of the time delay of arrival localization
method and associated error region. Here, a synthetic exam-
ple is shown for a single frequency measurement applied to
the constellation formed by STEREO A, STEREO B and
Wind in September 2013. Each spacecraft’s instantaenous
position is labeled in the figure and the different baselines are
drawn in different colors along with the time delay applied
to that baseline. For each baseline and time delay “mea-
surement” a hyperbola of constant arrival time is formed
with a solid curve of the same color. Combining 2 or more
of these solid curves a single (sunward) intersection point is
found which is the burst position centroid. Additionally, er-
ror region hyperbolae are indicated for each measurement via
dotted curves of the corresponding color. These are formed
by maximizing the time delay error by combining instrument
resolutions. As can be seen, the common intersecting enve-
lope of these curves form a hexagon and, in contrast to the
centroid, information is gained by including all three base-
lines in this analysis. Annotations on the plot also include
the position of the Sun and contours showing the plasma
frequency in MHz of a typical coronal density model (here,
Saito et al. 1977). A dotted circle indicates 1 au where all
three spacecraft in this constellation are approximately lo-
cated.

vated and concentrated around values of 9-15, contrast-
ing the ambient solar wind observed prior and after the
passage of this peculiar structure. This suggests a dif-
ferent solar source for this region from the ambient solar
wind (e.g. Lepri & Zurbuchen 2004).

Finally, despite the magnetic field orientation changes
associated with the entry, current sheet and exit of
STEREO A from the streams captured by the yellow
shaded region, the plasma moments show the structure
is not a typical flux rope. The magnetic field rotations
are not smooth and the plasma £ is high, thus they are
both inconsistent with the canonical picture of flux ropes
(e.g. Burlaga et al. 1982).

In summary, this wider analysis adds further evidence
that the source of electron beams discussed in Section
3.3 are solar in origin.
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