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Abstract

We surveyed magnetic field data from the Ulysses spacecraft and found examples of
magnetic waves with characteristics that point to excitation by newborn pickup He*.
With interstellar neutrals as the likely source for the pickup ions, we have modeled the
ion production rates and used them to produce wave excitation rates that we compare
to the background turbulence rates. The source ions are thought to be always present,
but the waves are seen when growth rates are comparable to or exceed the turbulence
rates. With the exception of the fast latitude scans, and unlike the waves excited by
newborn interstellar pickup H+, the waves are seen throughout the Ulysses orbit.

1 Introduction

A question that plagues a lot of scientific research, especially of the sort that an undergrad-
uate is qualified enough to help with, seems very simple on the surface. "What’s the point of
your research?" I can answer this question in a couple different ways. The simplest response
for me is, "to look for these waves." But this inevitably brings the follow up question of,
"but why are people looking for these waves?" My go to answer has been, for a long time,
"because we want to know if they’re there or not." This is also true, on the surface. We
know that waves are generated by pickup ions, and different kinds of ions make waves at
different frequencies. Before the Ulysses mission, we already knew about pickup ion waves,
but we had not sent a spacecraft on the unique trajectory that Ulysses took. My work and
the work of plenty of other researchers before me looked first at all the data from Ulysses,
learning a lot about the solar wind, the activity of the Sun and how it changes from solar
minimum to solar maximum, and then at signatures in the data like pickup ion waves. We
found a few HT waves, then a lot more, then a few He™ waves, and then I sat down and
found, well, a lot of them! However, perhaps understandably, the answers I usually give to



these questions are not very satisfying. I understand that - physics research sounds a bit
inherently glamorous, and to find out that we look for waves because we think there might
be waves and we want to be sure if they exist or not can be a bit of a let-down, however
well meaning one might be.

We can dig a little bit deeper than this for much better results. We do, of course, want
to know if the waves are there or not, but what we really want to do is understand what
our solar system does and how it works. Let’s do that with this work - we know that
the heliosphere is like a huge balloon, inflated by the solar wind. The heliosphere is the
protective barrier for the solar system, and it keeps out everything it can see - anything
that can interact with a magnetic field. That means that neutral particles, like hydrogen
and helium atoms, can get inside. These atoms get ionized, start interacting with the Sun’s
magnetic field, and generate low-frequency magnetic waves. They are, in a sense, picked
up by the solar wind and the Sun’s magnetic field, earning them the name pickup ions
(PUIs). When we started learning about the solar wind, we found that it began very hot
and cooled as it flowed away from the sun. We know how this cooling, called adiabatic
cooling, works - when a hot gas expands, it cools down. But far away from the Sun, beyond
10 AU, the solar wind was warmer than it should be, and we didn’t know why. Now, the
leading theory is that the wave energy from those pickup ions is dissipated by turbulence in
interplanetary space, and that energy goes on to heat the background plasma. This work
operates on that assumption. In finding the distribution of pickup ion wave observation,
we learn more about wave excitation rates, ion distribution, and turbulence, and we also
found high frequency waves that we don’t yet understand.

This work, and the research I and many others do, expands our knowledge of the
dynamics of local interplanetary space in our own solar system. Shedding light on one
small mystery adds to our comprehensive understanding of interplanetary dynamics. It’s
where we live - we ought to figure out how it works here. As we learn about our own solar
system, we can apply that understanding to other planetary systems, too.

2 Solar Wind

To discuss pickup ions, we first need to understand the solar wind, and to understand that,
we need to look at the Sun. The Sun’s outer layer of atmosphere, the corona, does not have a
defined "edge" in the way the Earth’s atmosphere does. This is most noticeable in diagrams
and images, like Figure 1, that show large wispy structures extending far from the surface
in some places, and seemingly empty space in others. Their size, location, and intensity
changes constantly, as the Sun’s activity changes from solar minimum to solar maximum.
While the Earth’s atmosphere ends at the boundary between Earth’s terrestrial radiation
and solar radiation from space, no such boundary exists for the Sun. In fact, there is no
way to distinguish a boundary between the edge of the corona and the beginning of open
space in the solar system. The wispy structures fade from view, but the only boundary we
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Figure 1: Coronal structure during the total eclipse of 11 July 1991. Based on a sketch by
S. Koutchmy n K. Lang [8.53], Sun, earth and sky, Copyright 1995, Springer Verlag (Figure
and caption reproduced from Space Physics by MB Kallenrode)

can really identify for the atmosphere of the Sun is at the edge of the heliosphere - a bubble
in the greater interstellar medium that contains our entire Solar system and is sustained
by the solar wind and the Sun’s magnetic field. The wind speed is essentially constant all
the way to the termination shock, and the density decreases as R™2.

The Sun is constantly emitting electrically charged particles in every direction, with
protons and electrons constituting the bulk of the population. This is the solar wind. The
speed of solar wind and its other features depend on the structure visible in the corona.
The fast solar wind comes from the dark, seemingly empty areas of the corona, aptly
named coronal holes. The locations of the coronal holes vary from solar minimum to solar
maximum. The slow solar wind comes from an area near the streamer belt, a region near
the Sun’s equator, full of those wispy structures that are called coronal or helmet streamers.
The slow solar wind streams at a speed of 250 to 400 km/s, whereas the fast solar wind
can be 400 to 800 km/s. It blows away the edges of the corona out into the heliosphere.
Ionization of neutral hydrogen is based on the flux of solar wind protons.

The magnetic field of the Sun is complex, especially within a few solar radii of the
surface. However, for our purposes, we can safely ignore all of that and look at the larger



field structure. The solar wind expands outward radially from the Sun, and the Sun’s
magnetic field is frozen-in. A magnetic field can be frozen into a plasma because the
charged particles conduct electricity and influence the field, and the field in turn influences
the charged particles, forcing them to always act together. As the wind flows outward it
carries the magnetic field into the heliosphere, but while the wind moves out, the lines
move west due to the combined forces of the rotation of the Sun and the radial solar wind
expansion. The Sun rotates with a period of about 27 days. Since the solar wind moves
outward, but the magnetic field lines move westward, the field winds up and creates a spiral
shape known as the Parker spiral. This spiral shape is wavy because the rotation axis of
the Sun and the axis of the magnetic dipole of the Sun are not aligned. The barrier where
top and bottom halves meet, so to speak, is called the heliospheric current sheet. This is
the wavy ballerina skirt shape depicted in Figure 2. The northern half is either positively
or negatively polarized, while the southern is the opposite - field lines on one side point
towards the Sun, while those on the other side point away from the Sun. The magnetic
field of the Sun reverses every 11 years.

Figure 2: "An artist’s concept of the heliospheric current sheet. The rotating Sun is located
in the center. The current sheet circles the Sun’s equator like a wavy skirt around a
ballerina’s waist." First published in Wilcox et al. (1980). It was drawn by Werner Heil,
NASA artists, developed by Prof. John Wilcox.

The current sheet is the largest structure in the entire heliosphere. As you might



imagine, it plays a role in interplanetary space, but not so much that it heavily impacts
the dynamics described here. There are complex interacting flows in the wind that we will
also avoid - shocks, stream interfaces, etc. What is important is that for our purposes, the
solar wind overall is collisionless with a neutral charge density. This means that it is safe to
assume that for the most part, particles of the solar wind do not hit each other, and that
there are an approximately equal number of positively and negatively charged particles in
any given volume.

3 Pickup Ions and Interstellar Neutrals

The waves we study are inside the heliosphere, so it’s important to understand the inter-
action between interstellar particles and the heliosphere. Neutrals can pass into the helio-
sphere, and there are more or less neutrals of different species in different areas depending
on many different factors. Once a neutral gets ionized, it is picked up and flows along the
magnetic field. When the ions are resonant with other waves, they scatter, creating the low
frequency magnetic waves we study.

3.1 The Heliosphere

The heliosphere is the part of the universe under the influence of the Sun, as shown in
an artist’s representation in Figure 3. The edge of the heliosphere, where the solar wind
and the Sun’s magnetic field lines meet the interstellar medium, is called the termination
shock. The heliosheath is the zone beyond that, where the solar winds are in equilibrium
with the wind of the interstellar medium, and the heliopause is the boundary at the edge
where solar wind plasma cannot penetrate any further. Beyond this is theorized to be the
bow shock, a feature that might exist in front of the heliosphere as a result of the forward
motion of the system. The closest that interstellar plasma can get to our Solar System is the
termination shock, so called because at that boundary the solar wind speed drops abruptly.
The heliosphere as a whole can be thought of as the Solar System’s protective bubble,
keeping out the interstellar medium as the Solar System moves through it at 25k km/s.
However, this is not strictly true. While the magnetic field and the charged particles of
the solar wind prevent most interstellar charged particles from entering the Solar System,
neutral particles cannot interact with charged particles or a magnetic field, and so pass
easily through the termination shock and into the heliosphere. High energy cosmic rays are
strong enough to pass through as well.

3.2 From Neutrals to Ions

These interstellar neutral particles, once inside the heliosphere, are unlikely to remain
neutral forever. Often they are ionized one of two ways. The primary means of producing
pickup ions is through collision with a charged particle from the solar wind. The primary
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Figure 3: A diagram of the heliosphere, labeling the termination shock, heliosheath, he-
liopause, and theorized bow shock as well as the current locations of the Voyager missions.

Image Credit: NASA /Goddard/Walt Feimer

means of producing pickup H™ is through collision of a neutral interstellar H atom with a
charged particle from the solar wind. The interaction between the solar wind proton and
the neutral can cause a charge exchange, ionizing the neutral and neutralizing the proton,
or the electron can be lost without charge exchange. Alternatively, an extreme ultraviolet
(EUV) solar photon can ionize an interstellar neutral. If the energy of the photon and
the binding energy of an electron in the neutral are the same, this collision can cause an
electron to be ejected from the neutral, which ionizes it. This is the primary mechanism for
making He™ ions from neutral helium [Sokét et al.(2020)]. Once these particles are charged,
they begin to interact with the magnetic field. Nearly stationary before, they now flow at
the solar wind speed. In other words, they are "picked up" by the solar wind, hence the
name pickup ions. Due to the Lorentz force, these ions begin to orbit the field in a circular
motion. The ion’s cyclotron frequency is the frequency of this orbit. Once this atom is
ionized, it immediately accelerates, as it is now under the control of the magnetic field.

3.3 Neutral and PUI Distribution

The distribution of interstellar neutrals and PUIs can affect where we see wave events.
Different areas of the heliosphere have more or less hydrogen and helium in various states.
Zank (2016) describes three distinct regions of the local interstellar medium and heliosphere
that are the source of unique neutral hydrogen sources. As pictured in Figure 4, Region
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Figure 4: A diagram of the heliosphere. Left: diagram of the solar wind-VLISM (very
local interstellar medium) boundary regions which are thermodynamically distinct. HT'S is
heliospheric termination shock, HP is heliopause, BS is bow shock, VSW denotes the radial
solar wind flow speed, and VLISM the LISM flow velocity. Right: top half: logarithmic
temperature distribution of the interstellar plasma and solar wind, and bottom half: density
distribution of neutral hydrogen. This figure reproduced from Zank (2016).



1 is split into la and 1b: 1la is the area beyond the bow shock, and 1b is between the
heliopause and the bow shock. The plasma flow speed and temperature are lower, but
the density is higher there than in the other regions. Region 2 is beyond the heliopause,
in the heliosheath. This is right outside the termination shock, where the solar wind has
just slowed down to subsonic speeds and in doing so become very hot. Density is high
here as well, with large magnetic fields, but the wind speed is much lower than the next
region. Region 3 is inside the termination shock, where we are, and where the solar wind
is supersonic. The temperature and densities are low here compared to the other regions.

The right side of the plot shows plasma temperatures, which demonstrates the high
temperature of the heliosheath region, but more interestingly shows the hydrogen density
in each region. A noticeable feature is the hydrogen wall right behind the bow shock - a
large population of neutral hydrogen. PUIs can be made in all three regions. In Region
3, ionization occurs through some type of collision or charge exchange, or by collision with
an EUV photon. In Region 2, they are either interstellar neutrals that experience charge
exchange, or PUIs created in Region 3 that crossed the termination shock and entered the
heliosheath. In Region 3, the area we study (inside the termination shock), HT PUlIs are
not found within 3AU of the Sun.

There is another interesting feature in the distribution of helium in the heliosphere.
Gloeckler et al. (2004) describes the gravitational focusing cone of helium behind the Sun.
In this context, in front of the Sun would be towards the direction of the bow shock and
interstellar medium, and behind the Sun would be the farther side, downstream. The Sun’s
gravity pulls in heavier interstellar neutrals into this cone shaped region. Since hydrogen
and therefore HT PUIs do not penetrate very close to the Sun, but helium can and does
[Argall et al.(2015), Fisher et al.(2016), Hollick et al.(2018a)], He* PUIs are found not only
close to the Sun but particularly in this focusing cone region with a high helium density.

Figure 5 shows traversals of the focusing cone by ACE, AMPTE, and Nozomi. Earth
passes through the focusing cone every year in December. The reasons for the variability
in size of the focusing cone are not yet understood. However, detecting pickup ions present
in the focusing cone is very useful for measuring the size and other physical properties of
the cone.

4 Wave Excitation

Pickup ions stream through the solar wind, and their motion lies well outside the thermal
population. In the language of plasma instabilities, they constitute a "free energy" source
that excites magnetic waves. It is very easy for this wave energy to be dispersed by back-
ground turbulence. When the turbulence is strong, it completely absorbs the wave energy.
This energy is transported to smaller scales. Beyond about 10 AU, waves excited by in-
terstellar PUIs provide the dominant energy source that drives the turbulence and heats
the background plasma [Zank et al.(1996), Smith et al.(2001), Smith et al.(2006a), Pine
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Figure 5: Crossings of the gravitational focusing cone of interstellar helium in 1984, 1985,
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et al.(2020)]. However, when the turbulence is low enough such that the wave energy can
accumulate, that energy reaches an observable level and can be measured. It takes hours
for the wave energy from scattered ions to accumulate, much longer than the time it takes
to scatter an individual ion.

4.1 The Theory of Wave Excitation

These newly ionized pickup ions create the low frequency waves we study. They stream
along the magnetic field towards the Sun. The velocity of ions is usually rendered in terms of
velocity parallel to the magnetic field and velocity perpendicular to the magnetic field, which
allows us to more specifically explain their motion. When the pickup ions are resonant with
other MHD waves propagating parallel to the field, they can scatter - this is the cyclotron
resonant instability which is stated to generate waves in Marchuk et al.(2021). Lee & Ip
(1987) describes how the pickup ions distribute themselves into a ring-beam distribution in
that parallel/perpendicular velocity space - basically a circle in Vpgraier and Vperp [Williams
& Zank (1994), Zank 1999|. This distribution makes them vulnerable to instabilities and
allows wave generation. They derive a formula for the time-asymptotic wave spectrum that
assumes the particles have scattered completely. This avoids a situation where all particles
enter at once and create distortions in the spectrum. Particles can accelerate off shocks,
producing higher-energy particles that excite lower frequency waves that are not seen with
pickup ions unless they, too, are accelerated by the same processes. This is why in order
to properly simulate wave energy accumulation, we assume the contributing particles have
already completely scattered and slowly iterate through the prediction. This is the basis of
our wave excitation calculations.

Textbook wave examples have high ellipticity and are left-hand polarized in the space-
craft frame with a growth rate greater than the turbulence rate, propagating towards the
sun. Since turbulence absorbs wave energy, an interval with low growth rate will not exhibit
any wave traits. In studies with H [Murphy et al.(1995), Cannon et al.(2013), Cannon et
al.(2014a), Cannon et al.(2014b), Cannon et al.(2017)], the majority of events were at an
ellipticity greater than 0.35, either positive or negative. In the past we excluded any events
with an ellipticity lower than +.35 because we wanted to be more conservative, but since
we saw them here in greater abundance we want to address them as well. Removing these
events did not preferentially remove them from any section of the orbit either. Figure 6
shows the location of the wave events along the orbit, with the bottom panel showing all
events with |Elip| > 0.35.

4.2 Excitation Rates and Calculations

Waves are being excited all the time by the scattering of pickup ions. However, when
the turbulence rate is higher than the rate of wave growth, it dissipates the wave energy
rendering any waves unobservable. We are postulating that the long, slow accumulation of
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wave energy from scattered ions passes through a sequence of quasi-stationary, asymptotic
states as predicted by Lee & Ip (1987). Below is described Lee & Ip’s formula for the wave
spectrum, and its associated wave enhancement term.

Lee & Ip’s formula for the wave spectrum is given by
1/2

I:t(ka OO) = 1

5 [C(k)? + 414 (k,0)I_(k,0)]

+ %C(k), (1)
in which at time equals zero, the background spectrum at wavenumber k for fluctuations is
I, (k,0) when propagating away from the Sun, and I_(k,0) when propagating towards the
Sun. The whole spectrum can be calculated by summing the four permutations of eq. 1
(i.e., Iot(k,00) = I (+k,00)+ I+ (—k,00)+I_(+k,00)+I_(—k,0)). Negative k represents
right-hand polarized fast-mode waves, and positive k represents left-hand polarized Alfvén
waves for waves moving sunward.

Clockwise rotation is right hand polarized, and counterclockwise left-hand polarized,
when looking along the mean magnetic field. Fast mode, or fast magnetosonic waves, have
a nonzero component along the mean magnetic field proportional to the density compression
of the wave when propagating at oblique angles to the field. Alfvén waves have magnetic
fluctuations that are perpendicular to both the direction of propagation and the mean
magnetic field. So really, the only difference is the polarization in this case. This is strictly
a one-dimensional theory that assumes waves propagating parallel and anti-parallel to the
mean magnetic field with no oblique propagation.

The wave enhancement term C(k) from eq. 1 describes the wave, and can be written as

(k™ oyt — o)

C(k) = I(k,0) — I_(k,0) + 2mmin;Va|Q; o[k~ | Qi kb tog ! — Gk o ol )
i,C o ~— MO

(2)

where m; is the pickup ion mass, n; is the pickup ion number density, V4 is the Alfvén
speed, vg is the PUI speed in the plasma frame, pg is the pitch angle of the new pickup
ions, vg is taken to be equal to the solar wind speed Vs, and €2; . = 27 f; . in which the
ion cyclotron frequency is f; . = e;B/(2mm;c). In that term, e; is the charge of the pickup
ion, B is the local magnetic field intensity, and c is the speed of light.

We assume that we can describe the background turbulent spectrum in eq. 2 with the
equation Iy (k,0) = I_(k,0) = (1/4) Lt (kic,0)k™>/3. The total background intensity at
the ion cyclotron frequency in this equation is Iiot(kic,0) = I4(+Fkic, 0) + I (+kic,0) +
Ii(—kiec,0) + I_(—F;,0). This assumption is based on techniques from Joyce (2010) and
first used in Cannon (2014b).

We can use these formulas to evaluate wave energy growth as the density of PUlIs
increases. To do this, we need to assume that the rate at which PUIs are produced is
slow compared to the rate at which they are scattered, so that the wave spectrum passes
through a series of asymptotic forms while the PUI density increases. We do this by using
the computed PUI production rate and varying the accumulation time until it fits the power
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level of the observed waves. That total wave power is computed at the peak of the spectrum
associated with wave excitation. We do this for two different times near the fit time, using
the differential to determine the rate of wave growth. Energy in the wave spectrum is
created by ion cyclotron resonance with the population of PUIs. The rate at which this
accumulates is given by

P e 10 1079 (30 (250 L )

The factor 21.8 converts the magnetic field to Alfvén units, 10'° converts Gauss? to nT?,
and 1075 converts cm to km. The solar wind speed Vg is in kms™!, and Np is in cm™3.
The spacecraft-frame frequency, where the wave power peaks, is f,,. The accumulation rate
Ry is given by [Leak (tace2) — Ipeak (tace1)]/ [tace2 — tace1]). The two times in the accumulation
rate, tace2 and tocer, are used to find that differential. Ipeqr(tace) is Lior(k, 00) evaluated at
the peak of the wave enhancement using n; equal to t4.. times the newborn PUI production
rate.

The minimum acceleration that will readily produce a wave enhancement in the com-
puted spectrum is t4ec1, and tgees = taeer + 20 hrs - the local maximum. Values other than
20 hrs only make the computed growth rates vary by ~ 20%, with a couple varying by a
factor of 2, but these variations are not significant enough to actually alter any conclusions.
This is a prescription for using the above formalism to compute energy growth rates, but
it is the comparison with the turbulence rate that decides if the wave is observable.

The time limit on accumulation comes in because waves need to be generated before
the turbulent cascade destroys wave energy. According to Joyce (2011), the proton peak
from HT is about 17.3 hours and the helium peak from He™ is about 22.3 hours. Since
these times are shorter than the time turbulence takes to transport that amount of energy
through the wave frequencies, this makes sense from a wave observation standpoint. The
long growth time compared to the scattering time justifies the quasistationary assumption.
Since He™ and H™ wave growth rates must be computed independently, wave excitation
by one species of PUI has no effect on the wave spectra that are used when computing
the other. Since our theory is based on the assumption that pickup He™ is scattered, and
stays in an asymptotic form as more particles are ionized and contribute to wave growth,
we want the scattering time to be short compared to the wave growth time.

5 Turbulence Rates

Although we are searching for waves, and not turbulence, it is important to understand how
turbulence works. In interplanetary space, the solar wind and the magnetic field fluctuations
act like a turbulent MHD flow. Waves are being constantly generated, but the turbulence
can easily overwhelm these low-frequency waves and dissipate the energy. This process is
called the turbulent cascade. It moves the fluctuation energy from large scales, like transient
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flow, to the smallest scales of kinetic dissipation. It has been found that the temperature
of solar wind protons as they flow away from the sun is higher than it should be, when
considering adiabatic cooling from the expansion of the solar wind. The turbulent cascade is
ultimately responsible for the energy that heats this background plasma. Simple turbulent
scaling laws show that the measured spectrum of fluctuations agrees with the rate of thermal
proton heating. Turbulent transport theory can successfully reproduce the fluctuation
power, correlation length, cross helicity, and proton heating from 0.3 to 100 AU at both
high and low latitudes [Zhou & Matthaeus(1990a), Zhou & Matthaeus(1990b), Matthaeus
et al.(1994), Zank et al.(1996), Smith et al.(2001), Smith et al.(2006a), Isenberg, Smith
& Matthaeus(2003), Isenberg(2005), Isenberg et al.(2010), Breech et al.(2005), Breech et
al.(2008), Breech et al.(2009), Breech et al.(2010), Usmanov & Goldstein(2006), Usmanov
et al.(2011), Usmanov et al.(2012), Usmanov et al.(2014), Usmanov et al.(2016), Usmanov
et al.(2018), Ng et al.(2010), Oughton et al.(2011), Zank(2012), Adhikari et al.(2015a),
Adhikari et al.(2015b), Adhikari et al.(2017), Zank et al.(2017)].

The general method for measuring the rate of energy cascade through the turbulent
inertial range comes from third-moment theory. [Politano & Pouquet(1998a), Politano &
Pouquet(1998b), MacBride et al.(2008), Stawarz et al.(2009), Stawarz et al.(2010), Stawarz
et al.(2011), Coburn et al.(2012), Coburn et al.(2014), Coburn et al.(2015), Smith(2009),
Smith et al.(2018)| This method agrees with the rate of thermal proton heating [Vasquez
et al.(2007)]. There are multiple theories for turbulent dynamics, that vary the time scales
for things like energy transport through the spectrum and the characteristic lifetimes of
individual fluctuations. The theory we use is the most traditional view. It is an extension
of Kolmogorov’s hydrodynamic theory [Kolmogorov(1941a)|, adapted for MHD [Matthaeus
& Zhou(1989), Leamon et al.(1999), Smith(2009), Matthaeus & Velli(2011)]. It uses the
amplitude of the power spectrum to predict the energy transport rate through the spatial
scales of the inertial range. We rescale the overall amplitude of the cascade rate in order to
match the observed proton heating rate [Vasquez et al.(2007), Montagud-Camps, Grappin
& Verdini(2018)]. This gives us

L PPEGP? 2188

4
VSWNI?;/ ? W
where E(f) is the measured magnetic field power spectral density in units of nT? Hz=!. It
is assumed to vary as f~°/3. Np and 21.8% are part of the conversion of the magnetic field
to Alfvén units, and € is given in units of km?s™3. We assume equipartition of kinetic and
magnetic energy so that the Alfvén ratio R4 = 1 [Vasquez et al.(2007)]. This theory is the
likely explanation for the dominant two-dimensional fluctuations seen in wave vectors that
are quasi-perpendicular to the mean magnetic field.
In the equation above we assume a consistent f~°/° prediction for the background
power spectra. This does not always agree with the power spectra we study, which vary
significantly in intensity. This could be because the data intervals we analyze are relatively
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Figure 7: (top) Turbulent energy transport rate epsilon in units of km? s~3 evaluated
using the background spectrum (minus any enhanced wave power due to suprathermal
ions) evaluated at fre.. (middle) Wave excitation rate (dEy/dt) for newborn interstellar
pickup He™ in units of km? s=3. (bottom) Ratio of rates showing that wave growth is
favored outside the fast latitude scans, so when the spacecraft is at lower latitudes and
greater heliocentric distances. This plot reproduced from Marchuk et al. (2021).
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short. The wave events in the data are often only visible for a brief duration, and the data
intervals are short to properly capture them. It is known that short samples of data do not
regularly agree with averages of large volumes of data. We also know that measurement
noise flattens spectra when the overall spectral amplitude is reduced sufficiently - this can
be observed in the Voyager data. We believe that this scaling of the cascade is still a
reasonable place to begin applying turbulence ideas.

Figure 7 visualizes these concepts well. The top panel shows the average rates we
calculated to show energy moving through the inertial range of turbulence. The slower the
turbulence rate is, the more likely the wave energy is to accumulate. It depends strongly
on heliocentric distance. We know this because wave events most often appear in more
distant measurements, better seen in Figure 12. They are absent from fast latitude scans
at solar minimum (turbulence rates are higher), but are common during those of the solar
maximum. This appears to be not due to the physics of PUI scattering and waves but
directly caused by variations in turbulence connected to the solar cycle.

The middle panel shows HT wave growth rates over the same intervals. It look different
mainly because the primary mode of He™ ionization is solar EUV photons, and neutral He
density is dependent on heliocentric distance to the point where it can compensate for the
distribution of solar EUV photons. We can see that wave growth rates are higher for wave
events than the background intervals. The bottom panel shows the ratio of wave growth to
turbulence rates. It shows nicely that wave events occur when the growth rate is close to, or
exceeds, the turbulence rate. From this we conclude that waves are always being generated,
but are only observed at growth rates strong enough to overcome the turbulence.

Figure 8 shows the same concept as the last panel of Figure 7, but with all controls and
events graphed with the ratio of wave growth rate to turbulence rate over the ellipticity.
We can see that wave events occur when the growth rate is comparable or greater than the
turbulence rate. It also demonstrates an earlier statement, that low ellipticity in an interval
indicates no wave activity, which is clear from the line of controls along 0 ellipticity.

6 Data Analysis

Several different spectral analysis techniques were used to identify wave and control intervals
in this study. The first step was to download the entirety of the one second magnetic field
observations from the Ulysses FGM instrument |[Balogh et al.(1992), Bame et al.(1992)].
Using Fast Fourier Transform (FFT) techniques [Fowler, Kotich & Elliott(1967), Rankin
& Kurtz(1970), Means(1972), Mish et al.(1982), Argall et al.(2015), Argall et al.(2017),
Fisher et al.(2016), Hollick et al.(2018a)], this data was used to produce automated daily
spectrograms. We identified these candidate intervals by looking at the spectrograms for
large patches of color in the ellipticity panel. Other panels do not show the wave event
as clearly - the power spectrum covers an extended range of values and any enhancement
is comparatively too small to easily see. Sometimes in spectrograms, the cadence of the
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Figure 8: The ratio of the wave growth rate to the turbulence rate (dEy /dt)/epsilon
showing that waves, as represented by times of high Elip < —0.25, are seen during times of
favorable growth rates. This plot reproduced from Marchuk et al. (2021).

magnetic field data changes within the two days, which changes the Nyquist frequency. This
is normal for Ulysses data. Any gaps that occur originate from the changing measurement
cadence - the change renders the spectrum uncomputed.

Once we select likely wave intervals, we analyze their power spectra. The power spec-
trum is produced by putting the data from the time intervals through a combination of a
prewhitened Blackman-Tukey analysis and an FFT analysis. At the same time, we create
a polarization analysis by Fourier transforming the time series. The time series plots are
made from one minute FGM data that is downloaded and compiled into 10 day plots for
reference - these are useful for identifying potential discontinuities like shocks.
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Figure 9: Example of the daily spectrograms used to locate the wave events studied here.
The data analyzed are DOYs 14-15 of 1992. The spectrogram shows (top to bottom) the
time series for B and BR in heliocentric (R, T, N) coordinates. The second panel shows
the power spectrum followed by the degree of polarization. Next is the ellipticity and then
the angle between the minimum variance direction and the mean magnetic field. The last
panel is the coherence. Horizontal lines represent the cyclotron frequency of HT, He™, and
O™. This plot reproduced from Marchuk et al. (2021).
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Figure 10: Examples of spectra used in this study. (left) Wave interval arising from pickup
He+ on DOY 291 of 1996. (right) Control interval dominated by turbulence dynamics on
DOY 300 of 1996. This plot reproduced from Marchuk et al. (2021). More analysis in

section 7.
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7 Ulysses Observations

Our observations come from one-second magnetic field observations from the Flux Gate
Magnetometer (FGM) on the Ulysses spacecraft [Bame et al.(1992), Balogh et al.(1992)].
The spacecraft launched in late 1990, and it was operational until June of 2009. Our
first observation is on day 299 of 1990, and our last is on day 70 of 2009. Thermal ion
measurements, which we also use, are from the Solar Wind Observations over the Poles of
the Sun (SWOOPS) instrument, which provides solar wind speed and density data. Our
final event list had 1479 data intervals showing waves due to He™ and H™ and ambient
turbulence. This was split into one set with 452 intervals of He™ waves and 962 control
intervals, which may have H™ waves but should not contain He™ waves. In these figures,
any red triangles are He™ wave events, and black squares are control intervals.

Narth Polar Pass
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e Aphelion
i - -7 April 1998
ﬁ.x\
1933 |
Prihelion ~ | /
Moy 2001 : | i
e il |II|1. '#, ii{--"'f—---
— | £ 'f _?)_a e
—_— L oy e H‘m‘
2001
South Polar Pass

Sopt 2000-Jan 2001 2 Ulyssos position on 11-08-1559

Figure 11: Ulysses’ second orbit (1999-2004) Image Credit: NASA (public domain)

The trajectory of the Ulysses spacecraft, shown in Figures 11 and 12, began with a
straight line to Jupiter, where it performed a gravity assist to launch itself out of the plane
of the ecliptic and towards the Sun. It transited over the southern and northern poles of
the Sun three times performing fast latitude scans before it froze. Figure 12 shows the
heliocentric distance of Ulysses in AU and the latitude in degrees in the first panel, and the
second panel shows heliolongitude. The third panel shows the time and duration of every
interval we studied. Most events are at a moderate to low heliolatitude beyond 3AU. This
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Figure 12: Trajectory of the Ulysses spacecraft. (top) Heliocentric distance R (solid curve)
and heliolatitude (dashed curve) of the spacecraft as a function of time. (second panel)
Heliolongitude that mostly reflects the Sun’s rotation as the spacecraft orbits on a fixed
plane. (third panel) Time and duration of the data intervals studied here. Red triangles
represent times when wave signatures are seen at frequencies normally associated with
newborn interstellar pickup He'. Black squares represent control intervals when wave
signatures are not seen in the frequency range fre. < fse < fpe. Control intervals may
contain waves due to pickup H. This plot reproduced from Marchuk et al. (2021)

might reflect either the nature of the orbit, since the spacecraft spent more time beyond
3AU, or it might be due to turbulence conditions. We do however find waves due to helium
at high latitudes inside 3.5AU. H™ does not get inside 3AU, so wave excitation by this
species is not observed there. Fast latitude scans usually have no wave observations.

Wave events can be categorized into H" and He™ events by frequency. When enhance-
ments occur in the ellipticity in the range fre. < fsc < fp,c we conclude that these waves
are likely due to pickup He™. Higher frequency waves that are above the proton cyclotron
frequency are generally pickup HT, although they could also be scattered He™. This is most
easily seen in the large blue or red patches in the ellipticity panels of spectrograms.

In the spectrogram in Figure 9, showing data from day 291 - 292 of 1996, the large blue
area is a great example. He' and HT examples can be seen here. It is possible that there are
waves due to either pickup HT or scattered He™, but it is unclear without further analysis.
One way to analyze that would be to compare the wave growth rate of newborn interstellar
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pickup HT to the turbulence rate to see if it is a good candidate for wave growth. In
these spectrograms, the first panel is the time series for B and Bp in heliocentric (R,T,N)
coordinates. In this panel R is directed from the Sun to the point of the measurement, T’
is coplanar with the Sun’s rotational equator and directed in the sense of rotations, and
N = R xT. Below this is the power spectrum and then the degree of polarization. Next is
ellipticity, carrying the sign of the polarization, and then the angle between the minimum
variance direction and the mean magnetic field from the subinterval used to compute the
spectrum. The last panel is coherence. The horizontal lines on five panels are the cyclotron
frequencies of HT, He™ and O™ (top to bottom).

Analyzing the polarization and power spectrum is important to confirm a wave event.
In Figure 10, we see significant results to confirm a wave event - the wave event is on the
left and the right is a control event. The top panels of the power spectra plots are the trace
of the power spectral matrix and the spectrum of the field-aligned fluctuations (Z-comp).
There are fit lines for these spectra in red to demonstrate the background spectra without
the wave-generated enhancement. Examining these spectra can assist in identification of
waves because it is easier to see the frequency at which a wave occurs, and whether it is in
the range for He™, HT, or both. Below these panels are spectra for degree of polarization,
coherence, ellipticity, and the angle between the minimum variance direction and the mean
magnetic field.

A wave enhancement visible in the first panel should be visible in all the panels below
it. In the left column, there is a large power enhancement at frequencies above the helium
cyclotron frequency, which indicates excited pickup Het. It exceeds the power in the
parallel component by a factor of about 10, which is expected from theory and means
the fluctuations are transverse to the mean magnetic field and therefore noncompressive
[Lee & Ip(1987)|. The ellipticity in this range is about -1, which is also expected, and
this indicates that the fluctuations are left-hand polarized in the spacecraft frame. If the
waves are sunward propagating as theory predicts, then these waves should be right-hand
polarized in the plasma frame. It is possible that this interval also shows evidence of HT
wave activity.

The right side of Figure 10 is a control interval. This is from a stream interaction
region, or a place where the fast solar wind and slow solar wind meet. These are generally
regions of enhanced turbulence levels. There is no evidence of any waves from PUlIs, and
no enhancement anywhere in the spectrum. There were several shock candidates in the
general vicinity of the interval, but we have not analyzed them since there is no evidence of
waves from any source during this time. Comparing this to the left side of the figure shows
clearly how much a wave event can alter the analysis.
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8 Ongoing Research

Our search for low-frequency He' waves excited by newborn interstellar pickup ions, re-
vealed He™ and HT events over the full range of heliodistances and heliolatitudes in the
Ulysses orbit, except for HT events within 3 AU. We also see pickup ion waves in Voyager
data |[Joyce et al.(2010), Aggarwal et al.(2016), Hollick et al.(2018a), Hollick et al.(2018b),
Hollick et al.(2018c¢), Joyce et al.(2012)]. However, in our search of Ulysses data we found
several high-frequency wave events. These events are quite unlikely to have the same pickup
ion source, because the polarization changes sign without regard to the mean magnetic field.
This work is ongoing, and as such we are considering several different options for their pos-
sible source. One theory is that the waves are due to anisotropies in the thermal proton
distribution. This could excite waves propagating in both directions, with one wave appear-
ing to have the wrong polarization due to the Doppler shift into the spacecraft frame. We
hope to find a high frequency wave event without a concurrent low frequency wave, which
would greatly assist the interpretation. We do not have one now because the database was
built on low-frequency wave events. Figure 13 is an example of the power spectra for three
wave events we believe to be good candidates for these high-frequency waves.
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Figure 13: An example of the power spectra for three wave events that we believe to be
high-frequency wave events excited by thermal anisotropy.
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9 Summary

We have shown evidence of waves excited by newborn interstellar pickup ions. Interstellar
neutrals pass through the heliosphere, and are ionized by various processes such as collision
with a charged solar wind particle (H"), or by an extreme ultraviolet solar photon (He™).
As neutrals they are effectively stationary compared to the solar wind speed, but are picked
up once ionized and flow at the solar wind speed. The Lorentz force causes the PUIs to
orbit the field at the ion cyclotron frequency. When the particles resonate with other MHD
waves, they scatter, and this cyclotron resonant instability generates waves.

Distribution of neutrals and pickup ions varies across the solar system. Gloeckler et
al.(2004) describes a gravitational focusing cone of helium behind the Sun, and Zank (2016)
discusses relative hydrogen distribution in the heliosphere. H™ PUIs cannot penetrate
within 3 AU of the Sun, but He™ can.

Wave events were selected first by inspecting daily spectrograms for evidence of high
ellipticity. These intervals are reanalyzed using a library of preexisting spectral codes to look
for wave enhancements in the power spectrum for each event. The final event list contains
1479 data intervals, of which 452 show evidence of Het waves and 962 are controls. Some
controls have waves due to HT, but they have no waves in the Het frequency range.

Wave observation depends on turbulence rates. While waves are constantly being gener-
ated, turbulence can easily overwhelm the wave energy. The energy dissipated by turbulence
is transported to small scales, and eventually heats the background plasma. Beyond 10 AU,
these waves provide the dominant energy source to drive turbulence and heat background
plasma. When the turbulence is low enough that wave energy can accumulate to sufficient
levels, the wave energy is observable and can be measured. By comparing the wave growth
rate to the turbulence rate, we see that waves are visible when the growth rate is close to
or higher than the turbulence rate. A high ellipticity is also indicative of a wave event.
Near zero ellipticity indicates no wave activity. We see most events at moderate to low
heliolatitude beyond 3 AU, either due to the nature of the orbit or turbulence conditions,
although He™ events do occur within 3.5 AU at high latitudes.
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10 Russian Translation

As part of my Russian major capstone, I translated a summary of my thesis into Russian
n an academic writing style with the assistance of my professor, Dr. Ekaterina Burvikova.

AGcTpakT

Boutu ncnosib30BaHbl HAOTIOAEHUS MATHUTHOTO TIOJIst 13 MATHUTOMETPA HA CIIy THUKE
Viuce 9T00BI HAMTH TPUMEPBI HI3KOYACTOTHBIX MATHUTHBIX BOJIH B PE3Y/IBTATE PACCENBAHUS
UOHOB reJiusi, Koropble HasbiBatorcsd pickup ions (PUls). Cuuraercs, 4ro BCerja ecrb
BOJIHBI, HO OHM TOJIBKO BHJIHBI, KOI'JIa CKOPOCTb POCTa, BOJIHOBOI SHEPruu HO0JIbIINe, YeM
TypOy/IeHTHOCTD. ['ejineBble BOJIHBI ObLIN M3MEpPEeHHI 110 Beeil opbure Yiimcca.

Y4éHble XOTAT JIydIlle IOHNMATh, KaK paboraer coyiHedHas cucreMa. OmTHON U3 aKTya b
HBIX IIPOOJIEM B 9TON YaCTU KOCMUYECKON (DU3UKU HABJISETCHA MOHUMAHNE HU3KOYACTOTHBIX
MarHUTHBIX BOJIH. Heifirpasbable aToMmbl resus, npuieraomue B COJHEYHYIO CUCTEMY U3
MEK3BE3ITHOTO KOCMOCA, CTAHOBSITCS MOHM3MpOBaHHBIME. (OHHU Ha3bIBalOTCsT pickup ions
(PUIs). [Jnst moHnMaHMs 9THX MOHOB BaXKHO M3YyYEHHUE COJHEYHOTO BETPA.

Her omHoro mecra, e 3akanauBaercs: armocdepa Cosaia. CoJTHEUHBIH BeTEp IyeT C
Couana. Berep cocTouT u3 3apsKeHHBIX 9acThll. BOJIBIMMHCTBO U3 9TUX YACTHIL - IPOTOHBI
1 3JIeKTpOHbL. Me/jieHHbIil coyiHeuHbIil BeTep umeer ckopocTh 250-400 kM/c u GbICTpBIi
costnednblii Berep mMeer ckopoctb 400-800 km/c. CostHedHBIH BeTep CBsi3aH ¢ MArHUTHBIM
nojiem Coumniia.

CostHedHasT crucTeMa HAXOJMUTCS B IeHTpe remocdepnl. lenmocdepa - 9acTh KOCMOCA,
HA KOTOPYIO BJIHUSIOT MarauTHoe rojie COJTHIA U COJTHEYHBIN BeTep. JalllUIas MATHUTHOE
moste COJTHITA HE JIOTYyCKaeT OOJBIMHCTBO 3aPSKEHHBIX IacTHIl B resmocdepy. Bosbrime
obJiaka HeHTPaJIbHOIO Ta3a B MEXK3BE3IHOM KOCMOCE MOTYT BOUTU B reimocdepy, MOTOMY
9TO HEWTPaAJIbHBIN ra3 He BCTYIIaeT BO B3aMMOJeicTBre ¢ MarHUTHBIM 1ojieM CoJHIa. DTH
HeHTpabHBIE ATOMBI, PACIIOJIOKEHHBIE B Tesinocdepe, noHn3upytores. s aroMoB Bojopoia
MOHUBAIUS MMOSBJISETCA N3-3a OT/IAYHU SJICKTPOHA HERTPAJILHBIM aToMOM. J1j1st resius nonnsa-
[IUsi BO3HUKAET U3-3a [ePEJadn aTOMa IKCTPEMAJIbHBIM YIbTPadr0IeTOBbIM (OoTOHOM. VOHBI
BPAIAIOTCsT BOKPYT JIMHUU MArHUTHOIO TOJig. Korma MOHBI rejidsi PacCeUBAIOTCS, ITOT
[IPOTIECC CO3/IAET HU3KOYACTOTHBIE MAIHUTHBIE BOJIHBI. BOJIHBI TOJIBKO BUJIHO, KOTJIA CKOPOCTh
pOCTa BOJIHOBOI SHEPrUU OOJIBITIE, YeM TYPOYJIeHTHOCTb. Bo/THOBAs SHEPIUs BCErIa CYIIECT-
BYET, HO CO3J/IaHHMe BOJIH 3aHUMAeT MHOIO BpeMeHu. BbICOKHil ypoBeHb TypOy/JIeHTHOCTH
paspyIaeT BOJHOBYIO SHEPIUIO U BOJIHBI. VIOHBI OBICTPO PACCEMBAIOTCS, HO BPEMs POCTa
BOJIH ITPOJOJIZKUTETBHOE.

CoJstHeUHBIIl BeTep W MarHWTHOE IOJie JEHCTBYIOT Kak TypOy/ieHTHbIN 1OTOK. HoHbI
BCEr1a CO3/AI0T BOJIHBI, HO TypPOY/JIEHTHOCTH BCEI/Ia MX Pa3pylIaeT. BbLIo m3MepeHo, |UTo
COJIHEUHBIN BeTep Jajieko oT CosiHIa ropsiiee, 9eM JI0KeH ObiTh. Teopusi TypOyIeHTHOTO
[IEPEHOCA yTBEP:KIaeT, YTO pas3pyIllleHne BOJIH HarpeBaeT Berep gajieko or CoJtHIA.

JlarHble, Oy YeHHBIE ITPU TOMOIIY MarHUTOMETPa Ha CIIyTHUKE YJIICC, TpeTHa3HaIeHbI
JIJIsT aHAJIU3a BOJIH MOHOB rejust. V3 manubix Obumn caenansl pororpadun kak 9. Pacemorp-
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uM Ha pumepe. Ha dororpaduu BugHbI KpaCHbIE WK CHHIE O9ePTaHUs, KOTOPbIE 03HAYAIOT
YTO €CTh BOJIHA. Hamu ObLIO BRIOPAHO BpEMsl, U COCTaBJIEH CIUCOK W3 BPEMEHU BOJIH.
Crwmcok OBLT TIOCTAH B IPOTPAMMY, KOTOpas co3maét rpacdukn. Ha rpaduke kax 10 BumHO,
ObLIM JIM OYepTaHUs BOJIHAMU WU He Obuu. YacToTa BOIHBI ObLIa MOCMOTPEHA, ITOOBI
y3uaTh. HasieBo B rpaduke ecTh IpuMep BOJIHBI, U HalpaBo HeT. Torga MOKHO COCTaBUTD
oUIUAIBHBIN cIUCOK cOObITUI. BhumM MCIOIb30BaHbBl HADJIIOIEHUST MATHUTHOTO [OJIS U3
MarHUTOMETpa Ha CIyTHHUKe Yjucc. Yaucc 6bL1 3amyiieH B 1990 romy, u 3améps B 2009
rony. OUHAIBHLIN CIUCOK COCTOUT U3 1479 BpeMeHHLIX WHTepBAJIOB. Dot 452 ¢ BoHaMUI
noHOB Tesust, u 962 ¢ TypOyJIeHTHOCTBIO WJIK C BOJHAMU MOHOB Bojopoga. Ha pucynke 14,
BUJTHA KapTa TPACKTOPHUH CIIyTHUKA. Y CIIyTHHUKA Oblia HeoObraHas TpaekTopus. CIyTHUKH
OOBIYHO JIETAOT B IIJIOCKOCTH SKJIUIITUKH, & YJINCC — HeT. BoBpeMsi nccjieJ0BaHuH, T'eJINeBhbIe
BOJIHBI ObLIN M3MEPEHBI 110 Beell opbute Yiucca. Hekoropble n3 9Tux BOJIH UMEIOT BHICOKHE
9acTOThI. KIE HEM3BECTHO, UTO CO3/1aJI0 ITU BOJHBL. llpuMmepnl BuHBI Ha Tpadure 13.
Ora Teopust yTBEPKIALT, ITO ITU BHICOKOIACTOTHBIE MATHUTHBIE BOJTHBI CO3/IAI0TCS AHN30-
TPOIUEN B TEIIJIOBOM PACIIPEJIEJIEHUH IIPOTOHOB. Teopust Oyier yirydiieHa, KOraa B IIPoIecce
uccsen0BaHus HalJIETCH OOJIbINe BOJIH.

OcCHOBHBIE PE3yJIBTATHI UCCJIEIOBAHUS 3aK/IOUAIOTCH B CJACIYIOMEM: 9TO BOJHBI BCErJA
CYIITECTBYIOT, HO BHJAWMOCTBH BOJIH 3aBHCHT OT TypOyJIeHTHOCTH; 4TO Aajeko oT CosHia,
paspylleHne BOJH MEHSET TeMIIePATypPy COJIHEYHOTO BETPa; U UTO €I HEU3BECTHO, MOYeMy
HEKOTOPbIC BOJIHBI UMEIOT BBICOKHE YaCTOTDBI.
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Figure 14: Tpaekropus mosnéra Yaucca. Image is in the public domain.
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