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Advances in energetic particle physics with Solar Orbiter Robert F. Wimmer-Schweingruber

The Sun drives a supersonic wind which inflates a giant plasma bubble in our very local interstellar
neighborhood, the heliosphere. Its boundaries and the turbulent magnetic field shield the solar
system from much of the interstellar medium as well as the low-energy portion of galactic cosmic
rays (GCRs) which are accelerated primarily by super-nova-driven shocks in our galaxy. The
heliosphere is bathed in an extremely variable background of energetic ions and electrons which
originate from a number of sources. Solar energetic particles (SEPs) are accelerated in the vicinity
of the Sun, whereas shocks driven by solar disturbances are observed to accelerate energetic storm
particles (ESPs). Moreover, a dilute population with a distinct composition forms the anomalous
cosmic rays (ACRs) which are of a mixed interstellar-heliospheric origin. Particles are also
accelerated at planetary bow shocks. In February 2020, the European Space Agency (ESA)
launched Solar Orbiter, a science mission to answer the question how the Sun creates and controls
the heliosphere. Its orbit brings it within 0.3 astronomical units (au) from the Sun and will also
reach moderately high solar latitudes to allow to understand why solar activity changes with time.
The spacecraft carries instruments which observe the Sun and its surrounding remotely, others that
measure the local environment, and some can track solar disturbances as they travel away from the
Sun. The Energetic Particle Detector (EPD) on Solar Orbiter measures suprathermal and energetic
particles in the energy range from a few keV up to (near-) relativistic energies (tens of MeV for
electrons and about > 100 MeV/nuc for ions). Together with the other sophisticated instruments
on Solar Orbiter it is designed to unravel how solar eruptions produce energetic particle radiation
that fills the heliosphere. Since launch, EPD has made several advances about GCRs, SEPs, ACRs,

ESPs, and the particles around the Venusian magnetosphere.

27th European Cosmic Ray Symposium - ECRS
25-29 July 2022
Nijmegen, the Netherlands



Advances in energetic particle physics with Solar Orbiter Robert F. Wimmer-Schweingruber

1. Introduction

Our Sun emits a supersonic solar wind which shapes the heliosphere, a giant plasma bubble
which shields the solar system from interstellar space. The interaction of the solar wind with
the interstellar medium leads to the formation of a termination shock where the solar wind turns
subsonic at around 95 astronomical units (au) [1, 2] in the approximate upstream direction. Beyond
that the now subsonic solar wind flows around the heliosphere. Because it (and a substantial part
of the very local interstellar medium (VLISM)) is a magnetized plasma, it does not mix with
the surrounding VLISM; the resulting boundary layer between solar and interstellar medium is
commonly referred to as the heliopause.

In the inner heliosphere, the solar wind is highly non-thermal and characterized by strong
suprathermal tails. It is also not the only particle population in the heliosphere. Galactic cosmic
rays (GCRs) diffuse into the heliosphere, solar energetic particles are accelerated close to the Sun,
interstellar neutrals (atoms) flow into the heliosphere where they are ionized and picked up by the
solar wind to form so-called interstellar pickup ions [3] which are re-accelerated in the heliosheath
to form anomalous cosmic rays (ACRs, [4-6]), particles are accelerated at interplanetary shocks
or bow shocks of (magnetized) planets [7]. These various particle populations are accelerated
by different processes (shocks, reconnection, turbulence) and at different locations. Their relative
abundance / intensity is largely determined by solar activity which in turn is affected on many
different time scales. The longest (non-solar) time scale must be given by changes in the galactic
neighborhood and is not likely to be accessible to modern measurements [8] while changes in the
more local neighborhood may have left imprints in terrestrial archives [9]. These can also be used
to reconstruct long-term solar activity, on time scales of millennia [10, 11].

As is well known, the Sun undergoes an activity cycle which is driven by the solar dynamo
[11]. We have illustrated this in Fig. 1 which shows four energy intensity (differential flux) spectra
averaged over a Bartels rotation as dotted, dashed, solid, and dash-dotted lines. The upper panel
shows sunspot number (Source: WDC-SILSO, Royal Observatory of Belgium, Brussels) which is
a good indicator for solar activity as a function of time. The bottom panel shows the oxygen fluence
accumulated over the four Bartels rotations indicated by vertical lines in the upper panel and in
the title of the Figure. The line styles in the lower panel corresponds to those in the upper panel.
Particle data were taken from three instruments on NASA’s Advanced Composition Explorer (ACE,
[12]), the Ultra-Low-Energy Isotope Spectrometer (ULEIS, [13]) the Solar Isotope Spectrometer
(SIS, [14]), and the Cosmic-Ray Isotope Spectrometer (CRIS, [15]). ACE/CRIS data for Bartels
rotation 2001.830 (dotted line) are discussed in the following paragraph.

Fig. 1 also shows the highest and lowest particle fluences observed in the course of the ACE
mission and illustrates the enormous variability of particle fluxes which is bounded by the shaded
area. It covers a dynamic range of about seven orders of magnitude even when averaged over a
Bartels rotation. Because of a malfunction of the second time-of-flight (ToF) measurement in the
ULEIS instrument, fluxes at the highest energies covered by ULEIS during quiet times are affected
by instrumental noise. The measured values are plotted as a line plot with a “+” symbol marking the
values given by the ACE Science Center. Because we know that these values are not correct, we have
also plotted a logarithmic interpolation between the lowest-energy SIS data point and the ULEIS
data point with the highest energy which is not affected by this background (around 1 MeV/nuc).
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Figure 1: Oxygen fluence spectra accumulated over the time periods indicated by vertical lines in the upper
panel (decimal years 1998.504, 2000.426, 2001.830, and 2009.222). Line styles in the lower panel indicate
the Bartels rotation of the observation as indicated in the upper panel. Colors indicate different instruments
on the ACE spacecraft as discussed in the text. The shaded region shows the envelope of the variability of
the Bartels-rotation-averaged O particle fluences from 1998 — 2022. See text for an explanation of the “x”
and “+” symbols.

The CRIS instrument on ACE was not designed to measure high fluxes during solar particle events
but to provide accurate measurements of the quiet-time galactic cosmic rays. It saturates during
high-flux time periods! which is seen by the measured data points which are also shown as a line
plot with an “x” symbol marking. To establish a likely envelope, shown as the solid line bounding
the shaded region, we have used a fluence of 0.8 times the highest-energy SIS data point and 0.8
times the square root of that value multiplied by the second-lowest CRIS fluence value. This is also

the reason for the “missing” CRIS data in Fig. 1.

This paper discusses some of the advances in understanding the reasons of the enormous
variability of energetic particles in the heliosphere just presented. We briefly discuss the joint
ESA/NASA Solar Orbiter mission to the inner heliosphere in Sec. 2 and present a high-level
summary the EPD instrument suite in Sec. 3. We discuss a sample of first results from EPD in
Sec. 4 and conclude in Sec.5.

1Dr. R. Leske, Caltech, private communication, 2022. See also the caveat at https://izwl.caltech.edu/ACE/
ASC/level2/cris_l2desc.html which states that “Time periods during which solar activity is high are not covered
by CRIS, since the instrument was not designed to operate during such conditions.”


https://izw1.caltech.edu/ACE/ASC/level2/cris_l2desc.html
https://izw1.caltech.edu/ACE/ASC/level2/cris_l2desc.html
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2. Solar Orbiter

Solar Orbiter is a collaborative mission between ESA and NASA and was launched from Cape
Canaveral on February 10, 2020 at 04:03 UTC. Its objective is to answer how the Sun creates and
controls the Heliosphere — and why solar activity changes with time [16]. Solar Orbiter will answer
this with its unique orbit design that brings it as close as 0.28 au to the Sun and with its scientific
payload of six remote-sensing and four in situ instruments. Many of the instruments have multiple
sensors. The payload allows to correlate measurements of the solar disk and atmosphere with in
situ measurements and thus link the Sun to the heliosphere. Furthermore, its orbit will ultimately
reach to significant elevation angles out of the ecliptic plane (up to 33°) and thus allow the first
observations of the polar regions which are important to understand the solar dynamo. The planned
mission duration is seven years with sufficient consumables for an extension by three years.

2.1 Top-Level Science Questions

The over-arching science objective is broken down into the four top-level science questions
summarized in the following paragraphs.

2.1.1 What drives the solar wind and where does the coronal magnetic field originate?

It is currently still not fully understood how the solar corona is heated to temperatures greater
than 1 MK. While we are currently confident that the fast solar wind stems from large, magnetically
open coronal regions (coronal holes), the origin of the slow solar wind is still under debate. The
most promising models for coronal heating rely on transferring energy from convective motion in
the photosphere to the coronal magnetic field which then dissipates this energy through different
processes. See, e.g., [17] for a recent review.

2.1.2 How do solar transients drive heliospheric variability?

Our active Sun drives various transient phenomena such as solar flares, coronal mass ejection
(CME?), eruptive prominences, or shocks in the corona and/or interplanetary space. These affect
not only the solar wind as it moves from Sun to heliosphere, but can also affect planets and other
bodies in the solar system. They are important drivers of what is called space weather which is
also important in other (exo-) planetary systems, especially around active stars. Solar Orbiter’s
payload allows us to trace solar disturbances from the corona to the inner heliosphere; together with
measurements form other spacecraft this extends our knowledge of their propagation to even larger
distances [18, 19].

2.1.3 How do solar eruptions produce energetic particle radiation that fills the heliosphere?

The Sun occasionally accelerates ions and electrons to relativistic energies where the particles
travel at nearly the speed of light. In some cases, ions have enough energy to penetrate the Earth’s
magnetosphere and part of its atmosphere and can be registered by neutron monitors as so-called
ground-level events (GLEs, see [11] for a review). There are many more smaller solar energetic
particle (SEP) events which typically don’t reach such high energies but can still affect, e.g., space
hardware. SEPs are also an important agent of space weathering, the process of slow surface
alterations of airless bodies. Solar Orbiter will link eruptive processes in the low solar corona
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through the corona and into the heliosphere by combining information from all its instruments. [20]
provide a review of our understanding and current issues.

2.1.4 How does the solar dynamo work and drive connections between the Sun and
heliosphere?

The solar magnetic field underlies most of the phenomena that are investigated by Solar Orbiter.
It is the ultimate agent responsible for the heating of the corona, for the acceleration of the solar
wind and SEPs, and for driving solar transients. The global magnetic field is generated by the
dynamo process [21] in the solar interior. Despite significant advances in understanding it, we
currently miss helioseismological observations of the polar regions that are crucial to understand
the global circulation of the convective motions that drive the dynamo. See, e.g., [22] for a review
of current issues.

2.2 Science Payload

The 1720 kg and 2.5 m x 3.1 m x 2.7 m Solar Orbiter spacecraft carries a payload of 10
scientific instruments with a total mass of 209 kg. The spacecraft is three-axis stabilized and
protected from the intense solar heat around perihelion by a sophisticated heat shield [23]. The
payload is often divided into two groups, remote-sensing instruments and instruments measuring
in situ [16]. The spacecraft and payload are shown in Fig. 2. To reduce the influence of stray
electromagnetic fields on the sensitive solar wind electron instrument (SWA, [24]), magnetometer
(MAG, [25]), and radio plasma wave instrument (RPW, [26]) these instruments are mounted on a
boom behind the spacecraft, in its shadow. The energetic particle detector (EPD, [27, 28]) has four
sensors that are located close to three corners in the rear of the spacecraft, whereas the proton-alpha
and heavy ion sensors (PAS and HIS, both part of SWA, [24]) are close to the heat shield to measure
the solar wind which flows approximately radially away from the Sun. The radio plasma wave
instrument also has sensors on three antennae that extend away from the spacecraft. Five of the
six remote-sensing instruments are mounted inside the spacecraft and have closeable doors in the
heat shield. The Extreme Ultraviolet Imager (EUI, [29]) combines three telescopes that image
solar atmospheric layers from the solar chromosphere into the corona. The visible light and UV
coronagraph (Metis, [30]) has an external occulter and provides visible light (580 — 640 nm) and UV
images of the solar corona. The Polarimetric and Helioseismic Imager (SO/PHI, [31]) consists of
two telescopes that provide high-resolution and full-disc maps of the photospheric vector magnetic
field and line-of-sight velocity as well as of the continuum intensity. The Spectral Imaging of the
Coronal Environment (SPICE, [32]) provides high-resolution spectral images at extreme ultraviolet
wavelengths. Finally, the Solar Orbiter Heliospheric Imager (SoloHI, [33]) has a wide field of view
that images the inner heliosphere in visible photospheric light scattered by solar wind electrons
(and interplanetary dust) and is mounted on the wake side of the spacecraft, in the vicinity of one
of the EPD sensors. Thus Solar Orbiter has a very sophisticated payload which has been designed
and optimized to solve the questions discussed in Sec. 2.1.
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Figure 2: The Solar Orbiter spacecraft accommodates the ten scientific instruments which are indicated by
their acronyms. Multiple mentions of the same acronym refer to multiple sensors of that instrument. The
heat shield at the front (right) of the spacecraft protects it from the intense solar heat around perihelion. See
text for more information. Credit: [16], reproduced with permission © ESO.

3. The Solar Orbiter Energetic Particle Detector

The Energetic Particle Detector (EPD) suite of sensors is described in [27] with important
updates provided by [28]. It consists of four sensors which we describe briefly in ascending energy
range, as given in the overview Fig. 3. The supra-thermal electron and proton (STEP) sensor
measures electrons between few keV to beyond 80 keV and ions from several keV to ~ 100 keV in
15 viewing directions at a cadence of one second. This is achieved with two sensor heads which
point in the same direction and use a pin-hole design and a 3 x 5 pixel solid-state detector. One
sensor head uses a strong permanent-magnet system to deflect electrons and measures only ions,
the other is field free and measures ions and electrons. Determining the difference between the
two measurements then provides the electron flux. Note that, despite its name, STEP can not
discriminate protons from heavier ions.

The two dual-ended electron-proton telescope (EPT) sensors share their electronic boxes with
the high-energy telescope (HET). The two EPTs measure electrons and protons (ions) from 25
keV to ~ 475 keV (electrons) or ~ 6.4 MeV protons. Similar to STEP, in this energy range
EPT can not discriminate protons from heavier ions, and measures at a cadence of one second.
Electrons and protons (ions) are discriminated using the magnet-foil technique [27]. The two dual-
ended telescopes provide electron and proton (ion) measurements in four viewing directions, one
approximately along the nominal Parker spiral angle, the other anti-parallel to this direction, the
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Figure 3: The Energetic Particle Detector (EPD) on Solar Orbiter measures electrons from a few keV up to
relativistic energies exceeding 20 MeV. Ions are measured from few keV up to species-dependent energy or
energy per mass > 100 MeV/nuc. The different sensors have overlapping energy ranges. Adapted from [27].

other two are perpendicular, approximately in the polar directions.

The supra-thermal ion spectrograph (SIS) measures the elemental composition of suprathermal
ions and the isotopic composition of helium. It has two nearly oppositely pointing telescopes that
allow it to determine first-order anisotropy and has a maximum (typical) cadence of 3 (30) seconds.
It uses multiple time-of-flight measurements as well as the measurement of total residual energy
and because of these multiple coincidence measurements has a very low background that allows to
measure the ionic composition during quiet time periods.

The high-energy telescope (HET) measures electrons between ~ 0.3—30 MeV and ions between
~ 7 — 100 MeV/nuc, but this energy range depends strongly on the ion and reaches higher values
for heavier elements. It determines differential fluxes of individual elements and can discriminate
the helium isotopes for which there is also an energy overlap with SIS. It shares the electronics box
with EPT and points in the same four directions as EPT, but with a larger field of view. HET also
measures at a cadence up to one second.

4. First Results

4.1 Overview

The enormous variability in the flux of heliospheric energetic particles is also seen by Solar
Orbiter. The four panels in Fig. 4 show particle measurements for 54—-101 keV electrons (pointing
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Figure 4: Evolution of the differential fluxes of 54—101 keV electrons (pointing inwards) and 124-218 keV
ions (outwards) from Solar Orbiter’s first (a, March through September 2020), second, (b, October 2020
through April 2021), third (c, May 2021 through January 2022), to fourth (d, February through July 2022)
orbit. Differential fluxes are also color coded according to the color bar in the middle of the figure. The
figure illustrates the dramatic increase of solar activity between 2020 and 2022. The seemingly strange shape
of the third orbit is a consequence of the Gravity Assist Maneuvers (GAMs, as indicated) in 2021. Orbits are
drawn in the mean ecliptic and equinox of J2000 (ECLIPJ2000) reference frame.

inwards) and 124-218 keV ions (outwards) for the first four orbits of the mission. Intensities
are color coded and the extent of the excursion from the orbit is also a measure of the intensity.
The ellipticity of the orbit was changed by two Venus and one Earth Gravity Assist Maneuvers
(GAMs) that are also marked in the figure. A total of one EGAM and seven VGAMs will ultimately
change Solar Orbiter’s orbital inclination to ~ 34° to enable remote observations of the polar
regions. In the following we discuss some of the first science results of the mission which were
also reported in a special issue of Astronomy & Astrophysics on first results from Solar Orbiter
(https://www.aanda.org/component/toc/?task=topic&id=1340).

4.2 Near-relativistic electrons

One of the aims of Solar Orbiter is to explore the physical processes that link the Sun and the
heliosphere?. Near-relativistic (n-r) electrons are accelerated in association with type III radio bursts

2This may be considered part of how the Sun creates and controls the heliosphere.
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Figure 5: Detailed analysis of the 22 July 2020 event. Credit [35], reproduced with permission, © ESO.

and with *He-rich ion emissions [34]. Because of their very high speed n-r electrons are excellent
tracers of the sources of SEPs at the Sun, but also of the magnetic connectivity. Nevertheless,
several puzzles have proven impervious to solutions so far [35]: The close temporal association
of n-r electrons observed by Helios with type III radio bursts and hard X-rays is not seen with
instruments stationed farther away. The energy spectra of electrons observed in space do not show
a simple relation to energy spectra derived from solar hard X-ray emission [36]. Moreover, n-r
electrons are frequently detected at widely separated spacecraft (s/c) which is not understood. These
puzzling observations indicate that we do not understand the acceleration and transport processes
in the corona and heliosphere. EPD and RPW Observations in July 2020 between 0.61 and 0.69 au
reported by [35] show the potential of Solar Orbiter to solve these questions. Those authors found
five n-r electron events (July 11, 19, 20, 21, and 22, see also Fig. 4a) that were associated with type
III radio bursts. Extreme ultra-violet (EUV) jets were observed by STEREO A and SDO for four
of them, but only the 11 July n-r- electron event was also seen at an other spacecraft (Wind) which
was separated by 107 degrees in longitude. EPD/SIS on Solar Orbiter measured strongly enhanced
3He [37] preceding the July 22 event which was also the most anisotropic of all. RPW on Solar
Orbiter detected Langmuir waves in situ for this July 22 event [35], and imaging by STEREO A
indicates that the jet was confined to non-radial coronal magnetic field lines which may explain
the large angular distance between Solar Orbiter’s nominal magnetic foot point and the flaring site.
Figure 5 shows the observations for this event.

When the interplanetary magnetic field is favorably oriented with respect to STEP, its pin-hole
design allow to measure the pitch-angle distribution of electron and ions with very high resolution.
An example is shown in [28] who investigated the 10 — 11 December 2020 particle event. Their

10
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Fig. 3 shows that at the onset of this event, electrons were strongly beamed with a 1/e width of ~ 13
degrees, despite Solar Orbiter being at a heliocentric distance of 0.82 au. This measurement is
consistent with the observations by [38], but those measurement could only give an upper limit of
15° for low-energy electrons (10 - 40 keV). These observations pose strong limits on the scattering
of electrons in the interplanetary magnetic field, i.e., on the wave-particle interactions en route from
the Sun to 0.82 au (and out to 1 au [38]). Note that previous instrumentation did not usually have
such high angular resolution and the very small scattering in this event would not have been seen in
this clarity because lower angular resolution would have smeared out this narrow beam.

4.3 3He-rich events

As can be seen by comparing Fig. 4a with Figs. 4b - 4d, solar activity in this first orbit was
low. This offered an excellent and nearly background-free opportunity (but see Sec. 4.4) to study
small *He-rich events. Such events are associated with soft X-ray emission, type III radio bursts
and energetic particles, and often with enhanced heavy ion fluxes. [37] studied the composition of
suprathermal particles in three events which can be clearly seen in Fig.4a (18 June, 11 & 20 July)
and two (5 August & 17 September) which were so small that they barely show up in this overview
plot. All exhibited elevated *He/*He ratios and all but the 11 July event had enhanced > 35 keV
electron fluxes. The 20 July event was notable because of its high anisotropies (Sun/anti-Sun ~ 5)
and because its intensity was large enough to measure its composition which was enriched in heavy
ions as is typical of impulsive, *He-rich events. As can be seen in Fig. 5 there were two electron
injections for the 22 July 2020 event? which are associated with type III radio bursts. Interestingly,
during the period reported by [37] ACE observed no impulsive ion events at 1 au. This illustrates
an important advantage of Solar Orbiter: By going closer to the Sun it becomes increasingly easier
to disentangle individual events and transport effects which often smear out the properties of the
events by the time the particles reach one au. By approaching close to the Sun it will be possible
to determine whether individual type III radio bursts lead to individual *He-rich ion injections
which can not be ascertained at one au because of transport effect. If type III radio bursts and *He
ion injections are indeed closely associated, then that would indicate that ions and electrons are
accelerated in the same location, which to date is unclear.

Recurrent *He-rich SEP events have been found to originate from active regions at the boundary
of low-latitude coronal holes (e.g., [39]), but only a few *He-rich SEPs have been reported which
were associated with sunspot jets [40, 41]. None of them report recurrent ion injection. [42] report
a configuration with two large and complex nearby active regions which may have been responsible
for five recurrent particle injections observed by EPD between 17 and 20 November 2020. All
of them showed enhanced He/*He and Fe/O abundance ratios and several of them concurrent
electron injections. [42] conjecture that there may be a long-lived interaction between the negative
polarity of one active region and the positive polarity of the neighboring active region, leading
to the magnetic reconnection which drives the acceleration of ions and electrons. The two active
regions were also located such that they produced a longitudinally extended source (~ 40°) which
may explain the multiple injections from the same source region.

3See also Sec. 4.2 and [35].
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Figure 6: Credit [43], reproduced with permission, © ESO.

4.4 Heavy Ions

The EPD/SIS instrument measures suprathermal ions in the energy range ~ 0.01 —20 MeV/nuc
in 21 energy/nucleon bins and resolves the helium isotopes [27]. It measured the properties of heavy
ions during the widespread 29 November 2020 solar particle event which is also discussed below
in Sec. 4.6. [43] compare measurements at Solar Orbiter (at r = 0.88 au and ¢ = 110° Carrington
longitude) with data from PSP (r = 0.81 au, ¢ = 252°), STEREO-A (r = 0.96 au, ¢ = 290°),
and ACE (r = 0.98 au, ¢ = 348°), as shown in Fig. 6a. Figure 6b shows hourly intensities at
each spacecraft. The rise times of intensities are typical of low energy ions when considering the
longitudinal separations of the spacecraft from the flare location (¢ = 249°). The measurements
reported by [43] show spectral breaks which are comparable to previous results. The authors
fitted band functions [44] to the observed spectra at Solar Orbiter and found that the high-energy
power-law index for this event was considerably larger than the average one found by [45] who
surveyed 64 well-connected western hemisphere SEPs with no local Interplanetary (IP) Shock or
Energetic Storm Particle (ESP) component. At PSP and STEREO-A the intensity profiles were
likely strongly affected by the shock [46]. The PSP and ACE heavy ion abundances (normalized
to O) are about two times lower than survey averages for masses > 40 nuc, but depend strongly on
the energy per nuc at which this is evaluated. At energies < 200 keV/nuc PSP and STEREO Fe/O
ratios are approximately twice as large as at ACE and Solar Orbiter, which were further away in
longitude from the event site. This is consistent with the differences seen in Fe/O ratios of large
solar particle events versus events dominated by intensities near an interplanetary shock passage
[47, 48]. No enhancement of *He/*He was observed for this event.

12



Advances in energetic particle physics with Solar Orbiter Robert F. Wimmer-Schweingruber

The quiet first orbit of Solar Orbiter (see Fig.4a) provided an excellent opportunity to investigate
the origin of the quiet-time population of energetic particles in the heliosphere. During quiet-times
(i.e., during times when transient solar particle events, interplanetary shocks, and other activity are
absent) low energy ion spectra in the interplanetary medium near 1 au are formed by galactic cosmic
rays (GCRs), anomalous cosmic rays (ACRs), and a "turn-up" spectrum below a few MeV/nucleon
that increases with decreasing energy. It has been a long-standing question how important the
so-called “remnant-flare” population is for supplying the “turn-up” portion of the spectrum (at low
energies, beneath about 1 MeV/nuc). Solar Orbiter will make progress on this question because of
its ultimately inclined orbit and the broad range of radial distances which it covers. [50] studied
“quiet times” by removing time periods with obvious activity in hourly He intensity averages around
270 keV/nuc, resulting in 2386 hours worth of data. Figure 7 shows quiet-time spectra from SIS
(filled circles) and HET (filled diamonds), augmented by some data from ACE (open circles).
Comparison of these spectra with similar ones from SAMPEX [51] shows intriguing differences,
especially the location of the maximum of the ACR O component which is prominently visible
at lower energies in 2020 than in the SAMPEX data (which are from 1992/1993). The “turn-up”
spectra at lower energies are consistent with impulsive SEP material, especially because of the high
3He/*He ratio which at ~ 20% is considerably higher than previous results. This could be because
Solar Orbiter measured closer to the Sun where SEP intensities are higher and the contribution
from co-rotating interaction regions (CIRs) is lower ([52], see also Sec. 4.7). [50] also investigated
a 192-hour “super-quiet” period in which the proton spectrum extends to 1 MeV, but “He shows
a sharp drop-off above 200 keV/nucleon. The difference between the H and “*He drop-off energies
may be a clue for the accelerating mechanism. Unfortunately, measurements of heavier ions are
currently very limited statistically. We will need to wait for the Sun to return to its activity minimum
again, before this question can be settled.

4.5 Radial Evolution of the Solar Wind Plasma

Turbulence is an essential ingredient in our understanding of the acceleration and transport of
energetic particles. [53] used a radial alignment of PSP and Solar Orbiter to determine the radial
evolution of solar wind turbulence from 0.1 to 1 au. They assumed ballistic propagation to identify
two 1.5 hr intervals that provided measurements of the same plasma parcels traveling from 0.1 to 1
au. Their results show that the plasma evolves from a highly Alfvénic, less-developed turbulence
state near the Sun, to fully developed and intermittent turbulence at 1 au. Their statistical analysis
of the intervals at PSP and Solar Orbiter appears to show that turbulence evolves during solar
wind expansion and that nonlinear interactions between Alfvén waves probably had not yet fully
developed at 0.1 au, where the solar wind sampled by PSP is to a good approximation pristine. At
Solar Orbiter, close to 1 au, the nonlinear interactions appeared to have formed a fully developed
spectrum. Another explanation may be that the decrease of the Alfvénic fluctuations could have
exposed the intermittent nature of the advected coherent structures. Furthermore, [54] used the first
Solar Orbiter — Parker Solar Probe quadrature to track the evolution of solar wind from the extended
corona to the inner heliosphere. They used the Metis coronagraph on Solar Orbiter to observe a
plasma volume between 3.5 and 6.3 solar radii which was subsequently also sampled in situ by PSP.
This measurement made it possible to link the local properties of the solar wind to the coronal source
region from where it originated and to estimate the Alfvén radius during this fortuitous quadrature.
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Figure 7: Quiet-time spectra measured by Solar Orbiter EPD/SIS (filled circles and half-filled squares),
EPD/HET (filled diamonds), and ACE at 1 au (open circles). Downward pointing arrows signify one-count
upper limits. Credit [50], reproduced with permission,

These studies were complemented by those of [55] who compared measurements in fast and slow
wind with results of a nearly incompressible magneto-hydrodynamic (NI MHD) model to find good
agreement. They interpreted this as a change of the ratio of 2D and slab energy as the angle between
the mean solar wind flow and the mean magnetic field increases.

The expansion of CMEs is governed primarily by their intrinsic pressure and their speeds
relative to the surrounding solar wind. When they drive strong shocks close to the Sun they are
believed to be the main particle accelerator in gradual events (see, e.g., [20] for a recent review).
Thus it is of great interest to understand the radial evolution of CMEs. The strong magnetic field
shields part of the flux of (low-energy) GCRs so that the passage of CMEs can often be measured
by detecting a depression in the GCR count rate (Forbush decrease, [56]). Solar Orbiter detected a
CME-driven shock on April 19, 2020 at 05:07 [57] when it was upstream of Earth and BepiColombo
was close to Earth, as can be seen in Fig. 8. This gave an excellent opportunity to observe a CME
and the shock driven by it, as well as the particles accelerated by it at multiple locations. In addition,
STEREO A observed the CME in approximate quadrature. EPD’s HET has GCR counters which
were implemented to detect Forbush decreases and [19] used a 3% Forbush decrease to detect the
Earth-directed stealth CME that passed Solar Orbiter on April 19, 2020 and was also visible as
a 2% Forbush decrease with the Cosmic Ray Telescope for the Effects of Radiation (CRaTER,
[58]) on board the Lunar Reconnaissance Orbiter [59] and a 1% decrease in neutron monitor
measurements. They found significant differences in the expansion behavior of the CME at the
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75°

Figure 8: Positions of Earth (blue), BepiColombo (orange), Earth-Sun Lagrange point L1 (black), and Solar
Orbiter (red) on 2020-04-20 00:00:00 in Carrington coordinates. The Sun would lie at r = 0 downwards
towards the left.

two different locations. Because Solar Orbiter was located at 0.8 au from the Sun and upstream
of the Earth at this time, they interpreted these differences as due to the influence of the following
high speed solar wind stream. [60] found that this CME originated from a quiet Sun cavity with an
extremely weak field. They attributed the strong magnetic field measured in situ as a consequence
of the interaction of the ICME with its surrounding environment. The same CME was also studied
by [61] who used the in situ observations of the CME at Solar Orbiter, Wind, and BepiColombo
and the remote observations of the CME at STEREO-A. BepiColombo was also close to Earth
at this time. This multi-spacecraft constellation made it possible to determine the global shape
of the CME and its evolution as it propagated through the inner heliosphere. [61] found that the
dependence of the maximum (mean) magnetic field strength decreased with heliocentric distance

—1.2420.30 (p—1.1220.14y " gisaoreeing with previous studies. Their detailed study of the axial and

asr
poloidal magnetic field strength dependencies led them to conclude that the CME expansion is
probably neither self-similar nor cylindrically symmetric. [62] studied the turbulence and wave
transmission at the shock driven by this ICME and found that, after the shock crossing, the magnetic
field fluctuation power increases. In the vicinity of the shock, they observed right-hand polarized
waves in the spacecraft frame and that the upstream wave signatures fall within a relatively broad
and low frequency band, which might be attributed to low frequency MHD waves excited by the
streaming particles. Together these observations imply that stealth CMEs require multi-wavelength
and multi-viewpoint observations in order to confidently locate the source region and that their

elusive signatures pose significant challenges to space weather forecasting.
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4.6 Wide-spread events

Although the origin of solar eruptions which drive CMEs can often be very accurately located
in the low corona, the CMEs they drive nevertheless often produce energetic particle radiation that
fills the heliosphere. [49] investigated the first such event observed by Solar Orbiter on November
29, 2020. It is seen as an increase just before 1 Dec 2020 in Fig. 4b. This particle event was also
observed by NASA’s Parker Solar Probe (PSP [63]), the Solar Terrestrial Relations Observatory
(STEREO-A, [64]), and multiple spacecraft at Earth. The locations of the various spacecraft are
given in Fig. 6a. The observations at multiple, wide-spread locations in the heliosphere imply that
particles must have spread across more than 230° in longitude close to one au. [49] found that the
onsets at the multiple locations exhibited delays which increased with increasing angular separation
from the flare foot-point which could not be explained by the propagation time of the flare-driven
EUV wave to the likely foot points of the multiple spacecraft. Moreover, they found anisotropic
particle distributions at Solar Orbiter, STEREO, and Earth which appear to allow particle injection
across a wide longitudinal range close to the Sun. The same event was also studied by [43] but with
a focus on the differences in energy spectra of different elements at Solar Orbiter, PSP, STEREO-
A, and ACE. Their observations make it possible to test, constrain, and refine models of particle
acceleration and transport.

4.7 Corotating Interaction Regions (CIRs)

Because the solar wind is a magnetized plasma, different solar wind parcels do not mix (in
the absence of magnetic reconnection). Thus, when fast solar wind catches up with slow wind, a
so-called stream interaction region (SIR) forms in which pressure builds up and waves transport
the information of the “obstacle” into the compressed fast and slow wind. Well beyond 1 au, these
waves steepen into shock waves which are known to accelerate particles. During solar activity
minimum, coronal holes generally last for several solar rotation periods and so-called co-rotating
interaction regions form#. During its first orbit, Solar Orbiter observed six CIR structures [52],
five of which were also observed at one au by the Ultra-Low Energy Isotope Spectrometer (ULEIS,
[13]) on ACE. Because SIS was completing commissioning during the time period of the first CIR,
this left four CIRs for which intensities and spectra could be compared at two different heliocentric
distances. [52] found that *He spectral indices for 0.2 — 1 MeV/nuc at the two locations were similar,
but their intensities were much lower at Solar Orbiter than at ACE. The similarities of the spectral
indices suggested that energy-dependent modulation due to transport processes (i.e., the the spectral
hardening of lower-energy ions as predicted by [66]) is not observed. [52] also compared the ratio
of 226 — 320 keV/nuc “He ion intensities from SIS at 0.5 au normalized to those observed at 1 au
by ULEIS and found that the relative intensity scaled with heliocentric distance very similarly to
the 0.9 to 2.2 MeV H intensities reported by [67, 68]. This is remarkable because the same gradient
is seen despite the different species and energies (and thus rigidities). More work with different
elements, more CIRs, and different helio-latitudes will certainly shed light on transport properties
of these suprathermal particles and the transport processes affecting them.

4The reader is referred to the excellent collection of reviews in [65] for an in-depth discussion of such interaction
regions.
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4.8 Observations of in situ acceleration at a developing stream interaction region

EPD on Solar Orbiter has also detected local acceleration of ions in a likely CIR at 0.52 au
from the Sun [69]. The flux of accelerated ions was clearly anisotropic and flowing away from the
Sun. This anisotropy was observed in the compressed fast wind region, but the compression was
only weak, as would be assumed at these heliocentric distances. Moreover, particle intensities rose
and peaked simultaneously in the different EPT energy channels. This led [69] to rule out that these
particles had been accelerated by a distant region of the CIR and diffused inward, as discussed in
the previous section 4.7. Therefore, [69] suggested that a local stochastic acceleration process was
a more plausible mechanism to explain the observed sudden low-energy ion enhancement. CIRs
generally only develop shocks well beyond 1 au, and particles accelerated by these shocks would have
to diffuse inward and would therefore show a sunward anisotropy. These observations are similar
to previous ones by [70] in compression regions at one au. [71] subsequently showed that that
compression regions associated with CIRs at 1 AU with widths ~ 0.03 au can accelerate particles
up to ~ 10 MeV and produce energy spectra which were remarkably similar to the observations of
[70]. Thus the observation reported by [69] indicates that local stochastic acceleration is already
active well within one au, at 0.52 au at SIRs that are only just beginning to form.

5. Summary and Conclusions

At the time of the launch of Solar Orbiter, solar activity was low which allowed us to study
particle populations and their properties which are otherwise masked by solar activity. Examples
include radial gradients of particles accelerated at CIRs [52] or spectra of anomalous oxygen and
helium [50]. The first solar particle events were thus also isolated and free of remnant suprathermal
particles from previous events. For example this allowed [69] to detect the small increase in locally
accelerated particles at the only just forming SIR at 0.52 au. Because shocks had not yet formed
there and anisotropies were anti-sunward, this observation suggested that these low-energy particles
were accelerated in the compression region by a stochastic acceleration process.

With the addition of Solar Orbiter to the fleet of spacecraft operating in the inner heliosphere
multi-spacecraft observations close to the Sun are starting to unveil some of the puzzles of particle
acceleration. For example the evolution of the turbulent cascade from close to the Sun to one au
was studied by [53, 54]. How this evolves across the inner heliosphere is key to understanding
the transport of energetic particles and to limit scenarios to explain wide-spread events, such as
that studied by [49]. This study also underlines the importance of using information from multiple
instruments at the various locations. The combination of data from multiple spacecraft also enables
to track the motion of coronal mass ejections through the heliosphere [19, 60—62]. These studies
emphasized the importance of using information form multiple instruments on multiple spacecraft
at multiple locations to understand the three-dimensional nature of the propagation of CMEs.

With its varying location in the inner heliosphere and excellent instrumentation, Solar Orbiter
also opens new windows for the investigation of near-relativistic electrons [35], 3He-rich events
[42, 43], and detailed measurements of heavy-ion composition [43] which can be used as a sensitive
indicator of acceleration mechanism.

Since the first year of operating Solar Orbiter it has become clear that its telemetry is much
better than is was originally and conservatively estimated and so it was possible to considerably
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increase the data transfer rate to ground. This has allowed EPD STEP, EPT, and HET to produce a
wealth of data at a cadence on one second. The energy (and angular) resolution of EPT and STEP
were also increased in the telemetry, thus allowing future studies of the micro-physical processes
responsible for the energization of suprathermal and energetic particles in the heliospere.

We have attempted to give an impression of the richness of observations offered by Solar Orbiter
already during its commissioning phase when the in situ instruments were already measuring and
the remote-sensing instruments were generally not yet active. Since then the remote-sensing payload
has also been commissioned and new, exciting discoveries have been made. With its unique orbit,
Solar Orbiter has also offered serendipitous science opportunities, such as the fly-bys of Venus
[72-75] or the detection of the the hitherto elusive nano-flares by the Extreme Ultraviolet Imager,
EUI, [76] which we have not even mentioned in this review.
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