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ABSTRACT

The current understanding of the characteristics of solar and inner heliospheric electron events is

inferred almost entirely from observations made by spacecraft located at 1 astronomical unit (AU).

Previous observations within 1 AU of the Sun, by the Helios spacecraft at ∼0.3-1 AU, indicate the

presence of electron events that are not detected at 1 AU or may have merged during transport from

the Sun. Parker Solar Probe’s close proximity to the Sun at perihelion provides an opportunity to make

the closest measurements yet of energetic electron events. We present an overview of measurements

of electrons with energies between ∼17 keV and ∼1 MeV made by the Parker Solar Probe Integrated

Science Investigation of the Sun (IS�IS) instrument suite during Encounter 2 (2019 March 31-April

10 with perihelion of ∼ 0.17 AU), including several small electron events. We examine these events in

the context of the electromagnetic and solar wind environment measured by the FIELDS and SWEAP

instruments on Parker Solar Probe. We find most of these electron enhancements to be associated with

type III radio emissions that reach the local plasma frequency and one enhancement that appears to

be primarily associated with abrupt changes in the local magnetic field. Together, these associations

suggest that these are indeed the first measurements of energetic electron events within 0.2 AU.

Keywords: Sun: flares — Sun: particle emission — Sun: radio radiation

1. INTRODUCTION

Energetic electron enhancements have been observed

in-situ since the earliest observations in the 1960’s (e.g.,
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Arnoldy et al. 1960; Van Allen & Krimigis 1965; Hoff-

man et al. 1962; Frank 1965; Anderson & Lin 1966) made

with spacecraft such as Pioneer 5, Explorer 12, Explorer

14, Mariner 4, IMP-1, and IMP-3. A variety of accelera-

tion sources at the Sun or within the local interplanetary

medium produce electron enhancements, including solar

jets and flares, coronal mass ejections (CMEs), and mag-
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netic reconnection in the solar wind. Parker Solar Probe

allows us to probe these diverse sources of electrons at

previously unreached heliocentric distances, providing

an opportunity to examine very small electron events

that may not be observable at 1 AU.

The study of solar energetic particle (SEP) events

shows that these events are frequently observed to have

significant enhancements in energetic electrons (Lin

1970, 1985). Many electron-rich solar particle events

are accompanied by 3He (Hsieh & Simpson 1970; Wang

et al. 2012), heavy ions (Hurford et al. 1975), and even

ultra-heavy (trans-iron) ions (Reames & Ng 2004). For

example, Wang et al. (2012) found a 76% association

between 3He-rich emissions and solar electron events.

These characteristics, among others including duration

and association with type III radio bursts, are used

to identify traditional “impulsive” SEP events (Reames

2013). It is widely believed that magnetic reconnec-

tion between open and closed field lines (Crooker et al.

2002; Crooker & Webb 2006; Reames 2002) drives im-

pulsive SEP events. Current theories suggest that re-

connection leads to the formation of islands. Particles

are accelerated as they interact with contracting islands,

with the larger islands accelerating the heavier ions with

larger gyroradii (e.g., Drake et al. 2009; Drake & Swis-

dak 2012; Drake et al. 2006). These accelerated charged

particles may then escape the solar corona along open

field lines (Krucker et al. 2011). Lower energy electrons

(<25 keV) travel largely scatter-free through the in-

terplanetary medium, while higher energy electrons ex-

perience pitch-angle scattering and diffusive transport

(Wang et al. 2011; Tan et al. 2011; Dröge 2000).

A key signature of electrons escaping the solar corona

is the presence of type III radio bursts produced by

streaming ∼2-25 keV electrons (Lin 1974; Lin et al.

1981, 1986; Ergun et al. 1998; Buttighoffer 1998; Reid

& Ratcliffe 2014). Streaming electrons may generate

Langmuir waves, which induce electromagnetic emission

at the electron plasma frequency, proportional to
√
ne,

where ne is the solar wind electron density (Bastian et al.

1998). As the electrons propagate away from the Sun

through the solar corona and interplanetary medium,

the local ne decreases, resulting in the characteristic fast

drift of type III radio bursts from high frequencies to

lower frequencies. Wang et al. (2012) found that 98.75%

of solar electron events from ∼0.1-310 keV are preceded

by a type III radio burst. On the other hand, there

are many more type III events than detected solar elec-

tron events, suggesting that streaming electron events

are relatively common but may not reach the observing

spacecraft, for example if weak or poorly connected to

the spacecraft, and the type III emission then does not

reach the plasma frequency at the observer’s location

(Dulk et al. 1998; Cane & Erickson 2003).

High energy solar electrons (>10-15 keV) are fre-

quently observed to be delayed with respect to the lower

energy electrons responsible for the type III radio emis-

sion (Krucker et al. 1999; Klassen et al. 2002; Haggerty

& Roelof 2002; Cane 2003; Wang et al. 2006, 2016).

Krucker et al. (1999), Klassen et al. (2002), Haggerty

& Roelof (2002), Wang et al. (2006), and Wang et al.

(2016) argue that the near-relativistic electrons observed

in-situ are a separate population, injected later than the

lower energy electrons which produce the radio burst,

whereas Cane (2003) suggests that both are part of the

same population. Cane (2003) suggests that the higher

energy electrons are delayed in transit through the inter-

planetary medium, though Wang et al. (2011) demon-

strated that the increased path length due to scattering

of high energy electrons appears too short to explain the

observed delays in the high energy electrons. Energetic

electron observations by Parker Solar Probe may help

to shed new light on these types of questions due to the

reduction of transport effects close to the Sun.

Previous observations by the Helios spacecraft, re-

ported by Wibberenz & Cane (2006), demonstrate that

electron events are present in the inner heliosphere that

are not detected at 1 AU, presumably because they did

not reach the observing spacecraft or were too weak to

be observed due to instrumental backgrounds or sen-

stivity (e.g., Wang et al. 2012). Events may also have

merged before reaching 1 AU, likely due to transport

effects in the interplanetary medium.

We present the first measurements of energetic

electrons within 0.2 AU, made around Parker Solar

Probe’s second perihelion pass on 2019 April 4 (DOY

94). These tiny events have peak intensities1 of ∼1

cm−2sr−1s−1MeV−1 for EPI-Hi (∼0.5-1 MeV) and ∼
2× 103 cm−2sr−1s−1MeV−1 for EPI-Lo (∼17-400 keV)

and durations of less than one hour. These intensities

are much lower than previously reported electron events.

For example, Bieber et al. (1980) observed a peak in-

tensity of nearly 106 cm−2sr−1s−1MeV−1 at ∼0.5 MeV

from Helios 2 measurements at 0.5 AU in an event that

lasted >24 hours. Bialk & Dröge (1993) observed peak

electron fluxes of ∼10 cm−2sr−1s−1MeV−1 at higher en-

ergies (∼2 MeV) on Helios 1 at 0.95 AU in an event last-

1 As it is early in the mission, the IS�IS electron intensities are not
fully calibrated at the time of writing. These figures are approx-
imated from the peak count rate, assuming a flat distribution
and estimates of geometry factors of 0.056 cm2 sr for EPI-Lo
from Hill et al. (2017) and 0.5 cm2 sr for both EPI-Hi HET and
LET from Wiedenbeck et al. (2017).
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ing several hours. The Helios electron events reported

by Wibberenz & Cane (2006) are only reported in ar-

bitrary units, but they all have peak fluxes 1-3 orders

of magnitude above background level and persisted for

several hours. A number of small events have been ob-

served and compiled by the STEREO/IMPACT/SEPT

team (Dresing et al. 2020). Some of these events have

very small enhancements above background, however,

these events have longer durations resulting in a higher

event particle fluence than the events in the present

study. Due to the low count rates of the events in

the present study (defined as events with a compos-

ite signal-to-background ratio of 3.5-10, described in §3
and Appendix A), it is challenging to distinguish a true

electron event from background. We take advantage of

statistical techniques and contemporaneous radio, mag-

netic fields, and plasma data measured by instruments

on board Parker Solar Probe to attempt to identify real

electron events that stand out above the background and

may be the result of solar or inner heliospheric acceler-

ation processes.

2. PARKER SOLAR PROBE

Parker Solar Probe (Fox et al. 2016) was launched

on 2018 August 12 into a heliocentric orbit. Over its

planned 7-year mission lifetime, Parker Solar Probe’s

perihelion distance will gradually decrease using Venus

flybys and will pass directly through the solar corona,

within about 9 solar radii above the surface of the Sun

(with the first closest approach taking place on 2024

December 24). The broad science goals of Parker So-

lar Probe are to make measurements that further the

understanding of how energy moves through the solar

corona and to gain new insight into the processes that

accelerate the solar wind and SEPs. To accomplish these

goals, Parker Solar Probe carries four scientific instru-

ment suites: Solar Wind Electrons Alphas and Protons

investigation (SWEAP), designed to investigate the so-

lar wind plasma (Kasper et al. 2016); Electromagnetic

Fields Investigation (FIELDS), which investigates the

complex solar electromagnetic fields (Bale et al. 2016);

Wide-field Imager for Solar Probe (WISPR), which in-

vestigates CMEs and other structures through white

light imagery (Vourlidas et al. 2016); and Integrated Sci-

ence Investigation of the Sun (IS�IS), a suite of parti-

cle instruments that provides information of the charac-

teristics of the energetic particle population (McComas

et al. 2016).

2.1. The IS�IS Instrument Suite

The IS�IS Energetic Particle Instruments (EPI) mea-

sure the composition and energy spectra of low energy

(EPI-Lo) and high energy (EPI-Hi) particles. EPI-Lo

is a mass spectrometer that uses time-of-flight (TOF)

within the instrument and energy deposit in a solid

state detector to determine the incident particle’s en-

ergy and species together with its approximate arrival

direction. EPI-Lo measures ions from ∼20 keV/nucleon

to 20 MeV/nucleon; in this study, we focus on electrons

measured in the ∼17 keV-400 keV range, utilizing only

the solid state detector (SSD) system, consisting of an

SSD covered by a ∼ 3.2µm thick aluminum flashing in

each instrumental wedge. EPI-Lo provides an approx-

imately 2π sr field of view with good coverage in the

sunward, anti-sunward, and nominal Parker spiral di-

rections, from 8 wedges arranged in an octagonal con-

figuration.

The EPI-Hi telescopes make measurements using a

standard “dE/dx vs. total E” technique. EPI-Hi is com-

posed of layers of SSDs, such that the energy and species

of a particle can be determined based on the total energy

deposited in the detectors and the rate of particle energy

loss as a function of detector thickness traversed. EPI-Hi

comprises three telescopes: a high energy, double-ended

telescope (HET with apertures referred to as HET-A

and HET-B) and two low energy telescopes (LET1 and

LET2). LET1 is double-ended (with apertures referred

to as LET-A and LET-B), and LET2 is single-ended

(with a single aperture referred to as LET-C). The axis

of all five apertures lie in the plane of the spacecraft’s

orbit in its nominal orientation. The HET-A aperture

is approximately aligned with the nominal Parker spiral

direction when the spacecraft is located at 0.25 AU. The

LET-A aperture is approximately 25◦ offset from HET-

A. HET-B and LET-B face the opposite direction of

HET-A and LET-A, respectively. LET-C is rotated 90◦

from LET-A, pointing approximately in the ram direc-

tion of the spacecraft (McComas et al. 2016; Wiedenbeck

et al. 2017). Together, the EPI-Hi telescopes sample en-

ergetic particles with wide angular coverage. EPI-Hi

measures 0.5-6 MeV electrons and 1-200 MeV/nucleon

ions.

3. OVERVIEW OF ENCOUNTER 2

Parker Solar Probe’s orbits are divided into two sepa-

rate segments based on the spacecraft’s heliocentric dis-

tance. The “encounter” periods are defined as the time

when Parker Solar Probe is within 0.25 AU. The remain-

der of the orbit is defined as the “cruise” phase, during

which the science instruments are not continuously op-

erating and typically record data at a lower rate. Parker

Solar Probe’s second encounter took place during 2019

March 31-April 10 (DOY 90-100), with its second peri-

helion occurring on 2019 April 4 (DOY 94), reaching a
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Parker Solar Probe Encounter 2
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Figure 1. Parker Solar Probe solar radius vs. the space-
craft’s magnetic solar footpoint Carrington longitude, as-
suming a nominal Parker spiral with a solar wind speed of
350 km/s through Encounter 2 (with 2019 April 2 highlighted
in magenta). The narrow range of foot point longitudes on
this day show that Parker Solar Probe is in co-rotation with
Sun.

minimum solar distance of ∼ 0.17 AU. Figure 1 shows

Parker Solar Probe’s solar radius vs. the spacecraft’s

magnetic solar footpoint Carrington longitude, assum-

ing a nominal Parker spiral with a solar wind speed of

350 km/s during the time period of Encounter 2. The

day of particular interest in this study, 2019 April 2

(DOY 92), has been highlighted in magenta. During

this day, Parker Solar Probe remained within half a de-

gree of the same solar footpoint, demonstrating that

the spacecraft was co-rotating with the Sun. Parker

Solar Probe had a Heliocentric Earth Ecliptic (HEE)

longitude (Thompson 2006) between -95◦ and -85◦ with

respect to the Sun-Earth line on 2019 April 2 (DOY

92). McComas et al. (2019) examined the energetic par-

ticle observations over Orbits 1 and 2 and reported a

variety of high and low energy events, extending down

through previously unexplored regions of the inner he-

liosphere. The beginning of Parker Solar Probe’s mis-

sion took place during solar minimum, in a period of

very low solar activity. As a result, Parker Solar Probe

did not observe any large, temporally extended solar en-

ergetic particle events during these orbits, providing a

novel opportunity to examine individual small electron

events that may be harder to distinguish during future

orbits when solar activity will be higher.

Context for the electron observations is provided by

solar radio emissions detected by the V1-V4 electric

field probes on the FIELDS instrument. Parker Solar

Probe’s first two encounters showed remarkably different

radio emissions due to the emergence of an active region

(NOAA AR 12738) shortly before the start of Encounter

2 (Pulupa et al. 2020). FIELDS only observed a small

number of radio bursts during Parker Solar Probe’s first

encounter, in stark contrast with the hundreds of type

III radio bursts and many groups of Langmuir waves

observed during Parker Solar Probe’s second encounter.

The strong connection between type III radio bursts and

impulsive electron events naturally leads to a careful

examination of potential electron events and the con-

current radio observations. Context is also provided by

data from the FIELDS magnetometers and from the So-

lar Probe ANalyzers (SPAN) in the SWEAP instrument

suite, designed to measure the velocity distribution func-

tions of solar wind ions and electrons (Whittlesey et al.

2020). Of particular interest here, SPAN is capable of

measuring electrons with energies 2 eV-30 keV, but dur-

ing Parker Solar Probe’s first two encounters, the up-

per energy limit was set to 2 keV (Halekas et al. 2020).

EPI-Lo is sensitive to >17 keV electrons, which is near

the upper limit of the energy range (∼2-25 keV) of the

electrons believed to be responsible for generating the

Langmuir waves that give rise to type III radio emis-

sion. Although observations at these critical energies

are not available, the energetic electron population may

extend into the EPI-Lo energy range (e.g., Dulk et al.

1998; Lin et al. 1997; Cane 2003) so that the presence

of the lower energy electrons may be inferred from the

observations of electrons at slightly higher energies by

EPI-Lo.

4. OBSERVATIONS OF ELECTRON EVENTS

DURING ENCOUNTER 2

Figure 2 shows an overview of the electron, mag-

netic field, radio, and solar wind data from Parker Solar

Probe’s second encounter. Panels a and b of Figure 2

show EPI-Hi and EPI-Lo electron count rate data over

the course of Encounter 2. The EPI-Hi data are the

sum of the electron count rates from the shortest elec-

tron ranges in EPI-Hi: HET apertures A and B range

1 and LET1 & 2 apertures A, B, and C range 3, where

“range” is assigned based on the number of SSDs tra-

versed (Wiedenbeck et al. 2017). The EPI-Lo data is

summed over all 8 wedges and over the bins nominally

corresponding to ∼16.8-397.4 keV (bins 1-16). These are

the sixteen bins that were included in the first EPI-Lo

public data release and, although the energy of the bins

has shifted in subsequent releases, the counts used in

this analysis have not changed. The background, mea-

sured as the average electron count rate per one minute

time bin over the period of 2019 March 31 to April 10

(DOY 90-100), has been subtracted from each point in

the time series, and the dashed lines in these panels indi-
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Figure 2. Overview of Parker Solar Probe Encounter 2. The top axis displays the spacecraft’s solar radial distance in AU.
Arrows above the figure indicate the energetic electron events presented in this work. Panels from top to bottom include a)
background-subtracted and 7 minute Savitzky-Golay smoothed EPI-Hi electron count rate (0.5-6 MeV) with a dashed line
to indicate 2σ deviation from the mean b) background-subtracted and 7 minute Savitzky-Golay smoothed EPI-Lo electron
count rate (50-500 keV) with a dashed line to indicate 2σ deviation from the mean c) high frequency radio measurements by
FIELDS (1.3-19.2 MHz) d) low frequency radio measurements by FIELDS (10.5 kHz-1.7 MHz) e) solar wind ion density moment
measured by SWEAP (∼5 measurements per second) f) radial component of solar wind velocity moment measured by SWEAP
(∼5 measurements per second) g) 1 minute averages of magnetic field vector components (R - blue line, T - green line, N - red
line) and magnetic field strength (black line) as measured by FIELDS. The electron count rate panels also contain statistical
fluctuations due to the small number of counts observed.

cate a 2σ increase above that mean. As it is still early in

the mission, a full characterization of the IS�IS back-

grounds is ongoing and will be the subject of a later

paper. The background is expected to include galactic

cosmic rays and ambient heliospheric particles, includ-

ing ∼2-200 keV superhalo electrons (Lin 1998; Wang

et al. 2015), as well as instrumental background, such as

cross-talk and electronic noise. Ultraviolet solar photons

also contribute to the background of EPI-Lo (see Hill

et al. (2020) for full description). To attempt to reduce

random statistical fluctuations and make larger trends

in the data more apparent, a second degree Savitzky-

Golay smoothing filter over 7 minutes was applied to

the background-subtracted data. Further details of this

smoothing technique are included in Appendix B.

The raw (i.e. unsmoothed and not background-

subtracted) 1 minute electron count rate data for both

telescopes is fit well by a Poisson distribution, indicat-

ing that, apart from points which lie outside the distri-

bution, high individual peaks may not be statistically

significant. The signal-to-background ratio (SBR) was

examined for a variety of summing time windows to at-

tempt to identify periods in which multiple minutes of

electron signal enhancement are clustered together. Of-



6 Mitchell et al.

ten, solar energetic electron events are identified by the

presence of energy dispersion (e.g., Krucker et al. 1999;

Wang et al. 2012), however, the count statistics of the

events in this study are too low to be identified in this

way. We anticipate that the typical intrinsic cadence

of 10 seconds and 1 minute of EPI-Hi and EPI-Lo, re-

spectively, during encounters will enable precise energy

dispersion analysis for larger events in the future. Using

7 minute sums of the raw 1 minute electron counts, 4

particular events occurring on 2019 April 2 (DOY 92)

stand out with a significance of >3.5 SBR when look-

ing at the composite significance of both instruments as

defined by Eq. A1 in Appendix A. These events are

identified by arrows above Figure 2 which shows ob-

servations throughout Encounter 2. A randomization

study demonstrated a very low probability of observing

this number of minutes with a composite SBR >3.5 all

within the same day during a ten day encounter period.

Further details of the SBR and the randomization study

may be found in Appendix A. These factors suggest that

the events in question are unlikely to be random back-

ground detections. Furthermore, there were no similar

intervals with a composite SBR >3.5 during Encounter

1 (2019 November 1-11) with an 8 minute time window.2

Electron signals from individual apertures of EPI-Hi and

EPI-Lo were examined, however, the low statistics of the

events highlighted in Figure 2 make it challenging to de-

termine if there is significant anisotropy.

Panels c and d in Figure 2 show the high frequency

(1.3-19.2 MHz) and low frequency (10.5 kHz-1.7 MHz)

radio data, respectively, as measured by the FIELDS

V1 and V2 electric field antennas (Pulupa et al. 2017;

Pulupa et al. 2020). Throughout Encounter 2, FIELDS

observed solar radio emissions, including type III radio

bursts and local electrostatic plasma waves (e.g. Lang-

muir waves). The radio bursts are primarily visible in

the high frequency radio data in the third panel, how-

ever, some clearly drift down to the local electron plasma

frequency in the low frequency radio panel. The local

electron plasma frequency line is visible in panel d of

Figure 2 as a light blue line near 2 × 105 Hz. This

line results from the thermal motion of the local ambi-

ent plasma near the spacecraft (Meyer-Vernet & Perche

1989). Midway through 2019 April 3 (DOY 93), the

plasma frequency line drops significantly in frequency

until midway through 2019 April 6 (DOY 96). Located

2 The EPI-Lo electron integration time during Encounter 1 was 4
minutes, making it impossible to examine the same 7 minute win-
dow investigated during Encounter 2. When using an 8 minute
time window for Encounter 2, the four events identified on 2019
April 2 are still the only cases with a SBR >3.5

near the plasma frequency line are small bursts of Lang-

muir waves. These, as well as the type III radio bursts

described above, may be hard to distinguish in Figure

2 as these emissions are often highly intermittent, and

there is a large amount of time covered in this plot.

These emissions are more apparent in later figures that

focus on narrower time periods. While Langmuir waves

are often associated with solar events, Bale et al. (2019)

describes a population of Langmuir waves in the inner

heliosphere that do not appear to be related to solar

activity. Langmuir waves may also be connected to so-

lar wind structures, such as magnetic holes (MacDowall

et al. 1996; Lin et al. 1995; MacDowall et al. 2003).

Langmuir waves associated with magnetic holes may be

caused by adiabatic focusing of electrons of thermal en-

ergies in the magnetic field depression.

Panels e and f in Figure 2 show the solar wind pro-

ton density and radial velocity moments, respectively,

as measured by the SWEAP Solar Probe Cup (SPC)

(Case et al. 2020). Examining the solar wind moments

together with the magnetic field, it is clear that the char-

acteristics of the spacecraft’s local plasma environment

change significantly throughout this time period, includ-

ing periods of dense solar wind (and associated changes

in the plasma line in panel d of Figure 2) throughout

the beginning of the encounter and resuming after per-

ihelion on 2019 April 6 (DOY 96) due to Parker Solar

Probe’s magnetic connection to streamer flows (Rouil-

lard et al. 2020). There is a lack of consistent timing

between these density structures and the observed en-

hancements in electrons.

Panel g of Figure 2 shows the radial-tangential-normal

(RTN) vector components of the magnetic field mea-

sured by FIELDS during Parker Solar Probe’s second

encounter. A line pointing from the center of the Sun to

the spacecraft defines the radial axis (radial component

shown as blue line). The cross product of the Sun’s ro-

tational axis vector with the radial axis determines the

tangential axis (tangential component shown as green

line). The normal axis completes the right-handed or-

thonormal basis (red line). The black line in this panel

shows the magnitude of the magnetic field vector as a

function of time. Over the course of Encounter 2, the

magnetic field was generally directed toward the Sun

(cf., the predominant large negative R component). In

addition, there are many rotations in the magnetic field

vector in which components of the magnetic field vector

rapidly change polarity, a subset of which are referred to

as switchbacks (Bale et al. 2019), along with a number

of depressions in the magnetic field strength.

As will be discussed further in the following sec-

tion, most of the IS�IS electron events (3 of 4) dur-
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ing Encounter 2 show temporal correspondence between

both telescopes, and all 4 show temporal correspondence

with contextual data, including radio bursts, Langmuir

waves, and magnetic field rotations and depressions de-

tected by FIELDS. Events that exhibit temporal corre-

spondence between both IS�IS instruments are unlikely

to be due to the detection of different species of charged

particles (i.e. electrons and ions) from the same source

due to the substantially different travel times of ener-

getic ions and electrons.

5. 2019 APRIL 2 ELECTRON EVENTS

Figure 3 highlights (in the same format as Figure 2,

with the addition of the azimuthal magnetic field angle

in panel h) the full day of 2019 April 2 (DOY 92) when

the largest increases in electron count rate observed by

both instruments (indicated by arrows above Figure 3 at

∼03:00, 05:00, 09:00, and 15:40 UTC), as well as several

strong type III radio bursts, occurred. Figure 3 shows

that in some cases, an electron enhancement was ob-

served in one instrument but not the other. However,

this is not uncommon: IS�IS has detected a number of

proton events in which enhancements are primarily seen

in one of the instruments, including a CME-associated

enhancement detected by EPI-Lo during Encounter 1

(McComas et al. 2019; Hill et al. 2020; Mitchell et al.

2020; Giacalone et al. 2020) and an SEP event primarily

detected by EPI-Hi on 2019 April 4 (DOY 94) (McCo-

mas et al. 2019; Leske et al. 2020).

We feature the electron events on 2019 April 2 (DOY

92) at ∼03:00, 05:00, 09:00, and 15:40 UTC in the fol-

lowing sections as examples of IS�IS electron measure-

ments that are unlikely to be due to background.

5.1. DOY 92 ∼03:00 UTC EPI-Hi Event

Panel a of Figure 4 shows a prolonged increase in
the electron count rate measured by EPI-Hi beginning

at ∼02:50 UTC and returning to background levels at

∼03:28 UTC. EPI-Lo did not observe an electron en-

hancement during this EPI-Hi event, but as mentioned

previously, there are several examples of events seen pri-

marily in just one of these instruments. The first 4 hours

of 2019 April 2 (DOY 92), when Parker Solar Probe

was at a heliocentric distance of just over 0.19 AU, were

also characterized by several dramatic rotations in the

magnetic field vector coupled to substantial dips in the

magnetic field strength as shown in panels g, h and i of

Figure 4. Between ∼02:15 and ∼02:30 UTC, the radial

field (blue line in panel h) transitions from strongly pos-

itive to strongly negative with a temporary decrease in

the field intensity (marked by the blue arrow in Figure

4), suggesting a heliospheric current sheet crossing (Sz-

abo et al. 2020). Just after 03:00 UTC, the magnitude

of the local magnetic field (panel g) dipped from the

range of 70-75 nT, characteristic throughout this day,

down to <10 nT (marked by the orange arrow in Figure

4). This occurred in conjunction with a polarity rever-

sal in the normal component of the magnetic field from

strongly positive to strongly negative. This particular

dip lasts until ∼03:25 UTC, at which point it recovers to

∼50 nT. The EPI-Hi electron enhancement overlaps in

time with this magnetic field dip and is preceded by the

reversal of the radial component of the magnetic field.

At ∼03:38 UTC, the magnetic field strength dips again

to <5 nT. The magnetic field strength returns to its

approximate ambient state near 04:00 UTC (marked by

the magenta arrow in Figure 4). During each of the dips

in field strength, groups of Langmuir waves are observed

near the local plasma frequency in the low frequency ra-

dio data (indicated with red arrows in panel d of Figure

4). The timing between these changes in the magnetic

field and the EPI-Hi electron enhancement suggests that

the electron increase may be linked to this rotation and

depression in the magnetic field. It is interesting to ob-

serve this electron enhancement in the vicinity of a cur-

rent sheet, however, the low Alfvén speed (∼100 km/s)

in the region around this event makes it unlikely that

these electrons were accelerated by reconnection in the

local environment of the spacecraft (Phan et al. 2013).

The FIELDS instrument observed a type III radio

burst just before the electron enhancement, starting at

02:42 UTC (Figure 4), raising the possibility that the

electrons observed in-situ might have been related to

the electrons that generated the radio emissions. That

said, this radio burst was not clearly observed to drift

to the local electron plasma line, and thus, according to

the interpretation of Cane & Erickson (2003), the elec-

tron beam from that particular radio burst likely missed

the spacecraft. Thus, we believe this electron event is

unlikely to be connected to that radio burst. Figure 4

shows other type III radio bursts that do not appear to

be associated with significant increases in the electron

intensity.

5.2. DOY 92 ∼05:00 & ∼09:00 UTC EPI-Hi &

EPI-Lo Events

Figure 5 shows the time period between 04:30 and

10:00 UTC on 2019 April 2 (DOY 92). A small in-

crease in the electron signal, observed at ∼05:30 UTC,

is nearly concurrent in both EPI-Hi and EPI-Lo. Dur-

ing the period shown in Figure 5, two groups of type III

radio bursts drift down to the local plasma frequency

line located around 2 × 105 Hz in Figure 5. The fact

that the radio signal extends down to the local plasma

line suggests that the source of electrons responsible for
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Figure 3. Overview of 2019 April 2 (DOY 92) following the format of Figure 2 but with the addition of the azimuthal magnetic
field angle (in RTN coordinates) in panel h. Electron events of particular interest during this day occur at approximately 03:00,
05:00, 09:00, and 15:40 UTC in the top two panels. Arrows at the top of the figure indicate events that will be highlighted in
this work.

these enhancements is well-connected to the spacecraft

and that the electrons responsible for the type III radio

burst reached the local environment of the spacecraft ac-

cording to Cane & Erickson (2003). However, it should

be noted that Langmuir waves were not observed related

to this event. Another type III radio burst was observed

at ∼06:15 UTC which does not appear to reach the local

plasma frequency line.

The electron increase just before ∼05:30 UTC may

be associated with the first group of strong radio bursts

visible in the high frequency radio data that begins at

∼04:41 UTC. The delay between the onset of the type

III emissions and the electron enhancement in this case

(∼40 min) is longer than the high end of the similar

delays observed by Haggerty & Roelof (2002) at 1 AU

(∼24 min). However, more Parker Solar Probe obser-

vations of electron events and type III radio bursts are

required to understand their temporal relationship close

to the Sun and whether this delay is reasonable.

Figure 5 shows that EPI-Hi observed a cluster of

statistically significant increases in electron count rate

starting at ∼08:52 UTC. EPI-Lo observed a similar clus-

ter of increases in electron signal starting at ∼09:04

UTC. During this time period, the FIELDS electric field

antennas observed two groups of type III radio bursts

commencing at ∼08:42 UTC and ∼08:57 UTC on April

2 (DOY 92), with several distinct bursts over this time

period (shown in panels c and d of Figure 5). The first

type III radio burst clearly drifts to the local plasma fre-

quency in panel d, implying that the electrons reached

the local environment of the spacecraft. Around 08:45

UTC, the tangential component of the magnetic field

also abruptly reversed from strongly positive to strongly

negative. The clusters of electron enhancement in EPI-
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Figure 4. Overview of 01:00-04:30 UTC on 2019 April 2 (DOY 92). A prolonged increase in the EPI-Hi electron count rate is
shown in panel a beginning at 02:50 UTC. No obvious accompanying increase in the EPI-Lo electron count rate is observed in
panel b. Panel g shows several depressions in the magnetic field strength coupled to significant rotations in the magnetic field
vector shown in panel h (Note - higher cadence magnetic field data is used in this plot to accurately portray the timing of these
features). The azimuthal magnetic field angle is shown in panel i to show these rotations. Some of these magnetic depressions
appear to have associated Langmuir waves visible in the low frequency radio data along the local plasma frequency (indicated
with red arrows in panel d). A number of type III radio bursts are observed throughout this time period in the high frequency
radio data (panel c).

Hi and EPI-Lo were well-timed with the type III radio

bursts and the rotation in the magnetic field. The delay

between the onset of the type III radio bursts and the

start of the electron signal in both instruments is well

within the expectations from the data sets presented by

Haggerty & Roelof (2002) and Cane (2003), accounting

for the travel time differences between 1 AU transport

and 0.19 AU transport. The statistics of these events

are too low to analyze possible energy dispersion, how-

ever, future events with higher statistics will allow this

analysis.

5.3. DOY 92 ∼15:40 UTC EPI-Hi & EPI-Lo Event

At ∼15:32 UTC on 2019 April 2 (DOY 92), both EPI-

Hi and EPI-Lo observed a > 2σ increase in electron sig-

nal. Around this same time, the FIELDS electric field

probes detected a type III radio burst (Figure 6). By

16:00 UTC, the radio signal drifted down to the plasma

frequency line, concurrent with the appearance of sev-

eral groups of Langmuir waves. These features indicate

that the associated electron beam likely reached the lo-

cal environment of the spacecraft. This radio burst also

exhibits slowly drifting, type II-like features that ap-

pear to be striae caused by nonuniformities in the source

plasma environment as discussed in Pulupa et al. (2020).

A small dip in the magnetic field strength occurs nearly

concurrently with the Langmuir waves and the radio
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Figure 5. Overview of the time around the 2019 April 2 (DOY 92) ∼05:40 and ∼09:00 UTC radio and electron events. Sharp
peaks in electron count rate are seen in both EPI-Hi (panel a) and EPI-Lo (panel b). Strong radio bursts are seen in the high
frequency radio data (panel c) drifting down to the local plasma frequency, visible in the low frequency radio data (panel d).
The tangential component of the magnetic field switches from strongly positive to strongly negative at ∼08:50 UTC in panel g.

burst meeting the local plasma frequency. The peak of

the electron increase occurs at ∼15:40 UTC, 8 minutes

after the arrival of the ∼8 MHz radio signal at Parker

Solar Probe. The electron event is still present but re-

duced in amplitude when the radio signal reaches the

local plasma frequency line. This may be an example

of an event without a delayed energetic electron signal

as reported within the data sets of Krucker et al. (1999)

and Haggerty & Roelof (2002). Over the next hour,

EPI-Hi observed a series of temporally extended elec-

tron enhancements, with durations of ∼30 minutes, un-

characteristic of the EPI-Hi electron signal throughout

Encounter 2. However, they do not reach the required

SBR level to be considered in this study.

In addition to the electron enhancements on this day,

EPI-Lo observed a significant ion event beginning at

∼10:30 UTC on 2019 April 2 (DOY 92) and lasting

until ∼07:00 UTC on 2019 April 3 (DOY 93) (Leske

et al. 2020). This event had signatures of an impul-

sive SEP event, including energy dispersion, an enrich-

ment in heavy ions, a small increase in 3He, and strong

anisotropies (E. C. Roelof, personal communication).

The low electron statistics preclude any conclusive com-

parison with the ion observations.

5.4. Radio Bursts Extending to Local Plasma

Frequency

FIELDS observed hundreds of type III radio bursts

during Encounter 2, but only three radio bursts were

clearly observed to extend to the local plasma frequency.

These three events were featured in earlier sections, oc-

curring at ∼05:00, 09:00, and 15:40 UTC on 2019 April

2 (DOY 92) (Figure 3) and were associated with signifi-

cant electron increases observed by EPI-Hi and EPI-Lo.

Another pair of radio bursts, starting at ∼16:55 UTC

on 2019 April 5 (DOY 95), extended very nearly to the
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Figure 6. Overview of the time around the 2019 April 2 (DOY 92) 15:40 UTC radio and electron event. Increases in both
EPI-Hi (panel a) and EPI-Lo (panel b) are observed that appear to be connected to the preceding radio burst visible in the
high frequency radio data starting at 15:32 UTC (panel c), drifting down to the local plasma frequency line in the low frequency
radio data (panel d). Nearly concurrent with the radio burst drifting to the local plasma frequency, a number of Langmuir
waves are visible. A number of small depressions are visible in the magnetic field strength, most notably at ∼15:47 UTC (panel
g - note the use of higher cadence magnetic field data).

local plasma frequency line, prompting the question of

whether these bursts are also associated with evidence

of an electron enhancement. Figure 7 shows the time

period around the 2019 April 5 (DOY 95) 16:55 UTC ra-

dio burst. During this time, Parker Solar Probe is in the

lower density region discussed in §4 (see also Figure 2),

such that the plasma line is located at a lower frequency,

making it more challenging to resolve in Figure 7. In this

figure, the plasma frequency line can be inferred by the

location of several Langmuir waves observed throughout

the time period and the magenta arrow in panel d. The

EPI-Hi and EPI-Lo electron signals show a small con-

current enhancement above 2σ after the first radio burst

(panels a and b of Figure 7). This electron enhancement

is not as large as those featured in earlier sections but is

nearly concurrent between both instruments and peaks

less than 10 minutes after the start of the type III ra-

dio burst, suggesting that it may be associated with the

type III bursts. There are several other radio bursts

during Encounter 2 that appear to come close to reach-

ing the plasma frequency line but do not clearly reach

it. There is not a one-to-one correlation between the ra-

dio bursts that approach, but do not clearly reach, the

plasma line and electron enhancements in both instru-

ments. However, both measurements are at the thresh-

old of observability because they are so small compared

to the background.

The association between radio bursts that extend to

the local plasma frequency and a corresponding en-

hancement in the electron signals in both EPI-Hi and

EPI-Lo suggests that the IS�IS telescopes are observ-

ing solar electron events. This correlation is also con-
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Figure 7. Overview of the time around the 2019 April 5 (DOY 95) 17:00 UTC radio and electron event. A strong radio burst
is visible in the high frequency radio data starting at 16:55 UTC (panel c), drifting down to the local plasma frequency line
in the low frequency radio data (marked by the magenta arrow in panel d). Marginal increases in both EPI-Hi (panel a) and
EPI-Lo (panel b) at ∼17:00 UTC are observed that may be connected to this radio burst.

sistent with the arguments made by Cane & Erickson

(2003) that the radio signal reaching the local plasma

frequency indicates that the electron beam has reached

the local environment of the spacecraft.

6. SUMMARY & DISCUSSION

In this study, we presented the first observations of

energetic electron events within 0.2 AU of the Sun dur-

ing Parker Solar Probe’s second encounter. The He-

lios missions at 0.3-1 AU from the Sun demonstrated

that there are many electron events observable close to

the Sun that may not be observable at 1 AU. Since

Parker Solar Probe has a significantly shorter perihe-

lion distance than Helios, we would expect to see even

smaller events than Helios observed. The early Parker

Solar Probe encounters occurred during solar minimum

conditions, and no significant energetic electron events

were observed during Encounter 1. During Encounter 2,

the IS�IS instrument suite observed 4 electron enhance-

ments with an SBR > 3.5. The detection of electron en-

hancements appears consistent with the clear increase

in the occurrence of type III radio bursts observed dur-

ing Encounter 2, although there are many more type

III radio bursts than electron events. Factors, such as

concurrent or nearly concurrent electron enhancements

seen by both instruments, abrupt changes in the mag-

netic field vector or strength, plausibly associated type

III radio bursts that reach the local plasma frequency,

and the presence of Langmuir waves, suggest that the

events highlighted in this work are indeed energetic elec-

tron events and not simply random fluctuations in the

instrumental background. We therefore conclude that

these are the first measurements of energetic electrons

within 0.2 AU.

These first measurements suggest that, as Parker So-

lar Probe continues to approach the Sun and solar cy-
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cle 25 starts to develop, Parker Solar Probe is likely

to provide further insight into the characteristis of en-

ergetic electron events in the inner heliosphere. While

the statistics of these energetic electron events are too

low to draw firm physical conclusions, they suggest the

presence of smaller solar electron events than previously

reported. The acceleration mechanisms at the Sun that

produce such small and short duration energetic elec-

tron enhancements require further investigation. In ad-

dition, the event at 03:00 UTC on 2019 April 2 appeared

associated with changes in the interplanetary magnetic

field, suggesting that local acceleration may have oc-

curred. However, the low Alfvén speed suggests that

conditions were not favorable for acceleration by recon-

nection. Other issues raised by these observations in-

clude why there may be a variable delay between the

type III radio emissions and the energetic electron en-

hancements, which might arise from a delayed injection

or transport effects, and why some events were only seen

in EPI-Hi and not EPI-Lo. Factors, such as energy dis-

persion and anisotropy, will help identify future IS�IS

energetic electron events and provide valuable insight

into their sources and the timing of high and low en-

ergy electrons. We anticipate that such questions about

the nature of small electron events will be answered by

observations from future Parker Solar Probe encounters.
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APPENDIX

A. SIGNAL-TO-BACKGROUND RATIO CALCULATIONS

The composite SBR of both EPI-Lo and EPI-Hi is calculated as

SBRcomp =
[(
∑j

1Nhi)− jBhi] + [(
∑j

1Nlo)− jBlo]√
(
∑j

1Nhi) + (
∑j

1Nlo)
(A1)

where j is the number of minutes in the summing time window, Nhi/lo is the raw count data for each 1 minute time

bin in EPI-Hi and EPI-Lo respectively, and Bhi/lo is the background in EPI-Hi (7.6 counts) and EPI-Lo (14.4 counts)

respectively, defined as the average number of counts per 1 minute time bin throughout Encounter 2. For example,

the maximum number of counts per 1 minute time bin during the ∼05:00 UTC event was 16 counts and 25 counts in

EPI-Hi and EPI-Lo, respectively. 3 of the 4 events with >3.5 composite SBR also have an SBR >2.5 separately in

both individual instruments.

The composite SBR data shows 7 individual 1 minute time bins with an SBR >3.5, all occurring on 2019 April

2 (DOY 92). Randomizing the raw 1 minute electron count bins throughout Encounter 2 and performing the same

SBR analysis with a 7 minute window resulted in a 0.2% probability that a random trial could produce 7 individual 1

minute time bins with an SBR >3.5 throughout an encounter. This likelihood is further reduced by the fact that the

random trials do not produce these events on the same day. There is a 1 × 10−6 chance of all 7 individual 1 minute

time bins with an SBR >3.5 occurring on the same day over a 10 day time period by random coincidence. Since we

are examining a 10 day period, this is calculated as P = (1/10)6, assuming the first event sets the day and the other

six must then randomly occur on that day.

B. SIGNAL FILTERING

A Savitzky-Golay filter fits a polynomial of a certain degree as a weighted moving average to the time series (Savitzky

& Golay 1964). A Savitzky-Golay filter may be used to smooth data while preserving important features that would be

lost using a boxcar average (e.g., Williams & Pesnell 2011). To investigate both smoothing techniques, the distribution

of the widths of the electron events were compared using a Savitzky-Golay filter and a boxcar average. It was found

that the boxcar average significantly increased the width and mean of the distribution compared with the Savitzky-

Golay filter, resulting in electron events that appear artificially wider. A second degree Savitzky-Golay filter applied

over 7 minutes succeeded in reducing random statistical fluctuations and making significant electron enhancements

more obvious.
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