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Abstract Solar wind turbulence within high-speed streams is reviewed from the point of view of
embedded single nonlinear Alfvén wave cycles, discontinuities, magnetic decreases (MDs), and shocks. For
comparison and guidance, cometary plasma turbulence is also briefly reviewed. It is demonstrated that
cometary nonlinear magnetosonic waves phase-steepen, with a right-hand circular polarized foreshortened
front and an elongated, compressive trailing edge. The former part is a form of “wave breaking” and the latter
that of “period doubling.” Interplanetary nonlinear Alfvén waves, which are arc polarized, have a ~180°
foreshortened front and with an elongated trailing edge. Alfvén waves have polarizations different from
those of cometary magnetosonic waves, indicating that helicity is a durable feature of plasma turbulence.
Interplanetary Alfvén waves are noted to be spherical waves, suggesting the possibility of additional local
generation. They kinetically dissipate, forming MDs, indicating that the solar wind is partially “compressive”
and static. The ~2 MeV protons can nonresonantly interact with MDs leading to rapid cross-field (~5.5%
Bohm) diffusion. The possibility of local (~1 AU) generation of Alfvén waves may make it difficult to forecast
High-Intensity, Long-Duration AE Activity and relativistic magnetospheric electrons with great accuracy. The
future Solar Orbiter and Solar Probe Plus missions should be able to not only test these ideas but to also
extend our knowledge of plasma turbulence evolution.

Plain Language Summary Interplanetary Alfvénic turbulence is studied from an observational
microstructural viewpoint. We use cometary turbulence as a guide and for comparison to interplanetary
turbulence. It is shown that single wave cycles reveal much of the ongoing physics. Alfvén waves
phase-steepen forming a high-frequency end, leaving a low-frequency end. This is a form of “wave breaking”
and “period doubling” occurring at the same time. If Alfvén waves occur at all scale sizes, this can explain the
Kolmogrov-type spectra found in all studies. The interplanetary medium is also highly “compressive.”
This is caused by the magnetic decreases detected at the ends of the Alfvén waves. It is thought that
this is a kinetic process associated with the dissipation of the Alfvén waves. The interplanetary Alfvén
waves are often arc-polarized spherical waves implying a local source of generation. Some theoretical
mechanisms for local generation are cited. Finally, it is shown that the MDs can cause rapid cross-field
diffusion of energetic solar flare particles, perhaps explaining their broad distributions in solar longitude.
Single cycle Alfvén waves impinging on the magnetosphere cause strong and continuous auroral activity.

1. Introduction

The solar wind at low heliospheric latitudes is composed of a broad range of spatial and temporal scales from
discontinuities of seconds (with proton gyroradii scale lengths) to minutes duration (Belcher & Davis, 1971;
Burlaga, 1971; Colburn & Sonett, 1966; Horbury & Tsurutani, 2001; Lepping & Behannon, 1986;
Neugebauer, 2006; Neugebaueer & Giacalone, 2010; Smith, 1973a, 1973b; Tsurutani & Ho, 1999; Tsurutani
& Smith, 1979; Vasquez et al., 2007) and Alfvén waves which range in scale from minutes to days and even
weeks (Belcher & Davis, 1971; Matteini et al., 2015; Tsurutani, Gonzalez et al., 1995; Tsurutani et al., 2006;
Tsurutani, Smith, et al., 1995). All of these waves and structures are contained within the supersonic solar
wind. The structures are convected outward from the Sun at the solar wind speed. There are two basic types
of solar wind. There is the slow solar wind with speeds of ~300 to 450 km s~ . This wind comes from solar
coronal streamers or their vicinity (Nerney & Suess, 2005; Suess & Nerney, 2002). The high-speed streams
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(HSSs) have speeds of ~750 to 800 km s~ and come from solar coronal holes (Krieger et al., 1973; McComas
et al, 2002; Neupert & Pizzo, 1974; Phillips et al., 1994; Tsurutani, Echer, & Gonzalez, 2011).

There are also transients which propagate into the interplanetary medium. Fast transients such as interplanetary
coronal mass ejections (ICMEs) cause the formation of fast collisionless shocks (Echer et al,, 2011; Gold, 1955;
Kennel et al., 1985; Levy et al, 1964; Lugaz et al, 2016; Sonett & Abrams, 1963; Ness et al., 1964; Oliveira &
Raeder, 2015; Papadopoulos, 1985; Tsurutani & Lin, 1985) ahead of the solar-origin plasma and field structures.
These shocks cause heating and compression of the upstream (antisunward side) slow solar wind plasma, forming
sheaths between the shocks and the ICMEs (Echer et al,, 2008; Hundhausen, 1985; Tsurutani et al,, 1988). At 1 AU
these sheaths have a scale size of approximately hours. There is smaller scale, large-intensity turbulence within the
sheaths (Tsurutani et al., 1988). The sizes of the magnetic cloud (MC) portions of the ICMEs are by definition >24 hr
in duration (Burlaga et al., 1981; Klein & Burlaga, 1982) or approximately greater than 1 day in duration.

High-speed streams are also interplanetary transients. HSSs interact with upstream slow-speed streams form-
ing interplanetary “corotating” interaction regions (CIRs; Smith & Wolfe, 1976; Tsurutani, Gonzalez, et al.,
1995). CIRs are compressive regions of heated and accelerated slow-speed plasma and fields on the antisun-
ward side and heated and decelerated HSS plasma and fields on the sunward side (Pizzo, 1985). The two sides
of the CIR are separated by a tangential discontinuity. CIRs have scale sizes of ~10 to 20 hr (Tsurutani,
Gonzalez, et al., 1995) at ~1 AU from the Sun. At ~1.5 AU from the Sun and beyond, CIRs are typically bounded
by fast forward shocks (FSs) on the antisunward side and fast reverse shocks on the sunward side (Echer et al.,
2010; Smith & Wolfe, 1976; Tsurutani, Smith, Pyle, et al.,, 1982).

Researchers of the interplanetary medium have suggested that the dynamical solar wind is prone to the
development of a turbulent cascade. In particular, because broad portions of the magnetic fluctuation spec-
trum typically have power law structures close to f~>'3, suggesting a Kolmogorov, hydrodynamic-like turbu-
lence, it is thought that the turbulence will have an anisotropic orientation due to the presence of a strong
magnetic guide field (Bruno & Carbone, 2013; Matthaeus & Velli, 2011; Montgomery & Turner, 1981;
Shebalin et al., 1983; Verdini & Grappin, 2016).

The solar wind is considerably simpler at high heliospheric latitudes. During the descending phase of the
solar cycle, the polar regions of the Sun are dominated by large coronal holes. Thus, there is only the high-
speed solar wind present at these high latitudes. This high-speed wind will not have upstream slow solar
winds to interact with, so there will not be any CIRs formed (Tsurutani et al., 2009). Solar ARs are confined
to latitudes less than ~35°, so there are few ICME transients at these high latitudes, if any. On the other hand,
the solar wind is characterized by large-amplitude Alfvénic waves (Belcher & Davis, 1971; Tsurutani, Smith,
etal, 1995; Tsurutani, Gonzalez et al., 1995; Tsurutani et al., 1996), and the main portion of the magnetic field
power spectrum is characterized by a Kolmogorov-like spectrum.

Our effort in this review will be to examine the turbulence in the HSSs at high heliospheric latitudes. We will
present a short review of cometary plasma turbulence to give the reader an idea on how much information
about turbulence can be gained from examining magnetic fields and plasma microstructures. Thus, for the
study of interplanetary turbulence, an emphasis will be made on the Ulysses magnetic field and plasma micro-
structure such as discontinuities, shocks, and magnetic decreases (MDs). Individual Alfvén wave evolution will
be examined in detail. It is felt that understanding the high-latitude solar wind turbulence will help us under-
stand the more complex near-equatorial turbulence. Even though dynamical cases such as ICMEs and CIRs will
not be present, it will be shown that the evolution of turbulence is still occurring. Using these fast solar wind
observations of “Alfvénic” turbulence, arguments will be made for a different type of cascade process than nor-
mally assumed. It is clear that these ideas will be relevant for equatorial interplanetary turbulence as well. This
can be easily tested using interplanetary spacecraft data. Some of the obvious predictions can be tested using
the upcoming Solar Orbiter (Marsch et al,, 2005) (http://sci.esa.int/solar-orbiter/) and Solar Probe Plus (Fox et al.,,
2015) (http://solarprobe.jhuapl.edu/The-Mission/index.php) plasma, field, and energetic particle data. In this
paper, we will indicate scientific topics ripe for examination of plasma phenomena made closer to the Sun.

There have been many reviews of interplanetary turbulence written with emphasis on a magnetohydrody-
namic (MHD) approach. There have also been a few reviews written on the topic of discontinuities, shocks,
and MDs. However, to our knowledge, there has never been a review with the emphasis on how discontinu-
ities, shocks, MDs, and Alfvén wave evolution may play a role in interplanetary turbulence. This is the goal of
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the present paper. In section 2.1, we will show the interplanetary magnetic power spectra and briefly discuss
their possible implications. Section 2.2 will address cometary magnetic turbulence examples to show that
other means of diagnostics besides power spectra are important as well. In particular, it will be emphasized
that examination of single wave cycles to determine waveforms and helicity provide much needed informa-
tion on the development and nature of a specific type of plasma turbulence. Section 2.3 introduces observa-
tions of Alfvén waves and MDs present in HSSs. Sections 2.4-2.7 introduce and discuss discontinuities and
shocks and previous work on these phenomena. Their contributions to interplanetary turbulence are empha-
sized. Section 2.7 examines single cycle Alfvén waves in a manner similar to the examination of single cycle
cometary waves. Although previous publications have discussed such observational features, new insights in
terms of turbulence development emerge. Section 2.8 shows the relationship between Alfvén waves and
MDs and discusses in detail theories and models of MD development. MDs are the main “compressional”
component of interplanetary turbulence, and theories which do not contain an explanation of these features
are not complete. Section 3 is a brief summary of all of the subsections of section 2. This section is an attempt
to bring all of the interplanetary microstructure features and their evolution together as a whole. Section 4
discusses some of the observations of the Alfvén waves of section 2.7 with the possibility of local generation.
Section 5 discusses the consequences of the interplanetary microstructure. In particular, section 5.1 briefly
reviews the effects of MDs on cross-field diffusion of solar energetic particles, and section 5.1 reviews new
revelations of individual Alfvén wave cycles on geomagnetic activity at Earth and the production of relativis-
tic magnetospheric electrons. A final set of comments on current problems are given in section 6.

2. Results

2.1. Interplanetary Power Spectra

Typical power spectra of the interplanetary magnetic field taken over 2 day intervals are shown in Figure 1.
On the left are the transverse and field magnitude power spectra taken at —1.9° heliospheric latitude ~1.8 AU
from the Sun. On the right are the same parameters taken at —79° heliospheric latitude ~2.4 AU from the Sun.
The intervals were chosen such that the radial distances from the Sun were comparable. The high-latitude
data were taken while the Ulysses spacecraft was in an HSS associated with a polar coronal hole. The frequen-
cies displayed for all four spectra extend from almost ~107> to ~10™"' Hz.

What is remarkable is that all four spectra in Figure 1 have approximately the same power law forms. Linear
curve fits in the log-log plots were made to all four spectra, and the results are displayed in each panel. Each
of the spectra has an f~'> to f~ ' power law dependence, consistent with the idea that the turbulence both
in the ecliptic plane and in HSSs are Kolmogorov in nature.

It should be noted that the interplanetary medium is “compressive,” that is, that there is substantial power in
the spectra of the magnetic field magnitude. This is an important point and will be addressed later in
this paper.

The transverse wave power over the poles is a factor of ~2 times larger than in the ecliptic (2.0 x 107* £~ com-
pared with 1.0 x 107* £ '%). The same is true for the magnetic magnitude power. The spectra are ~2 times lar-
ger at high latitudes. Further details are given in Tsurutani and Ho (1999). These points will be revisited later.

It should be mentioned that other published interplanetary power spectra (Horbury & Tsurutani, 2001) have
shown an ~f~'-dependent component at the lowest part of the spectrum (between ~10~* and 107> Hz). The
spectra in Figure 1 do not cover those frequencies well. However, this is not particularly important for our
discussion here.

2.2. Cometary Plasma Turbulence

We deviate for a moment to briefly discuss cometary plasma waves and turbulence. After the nature of come-
tary turbulence is explained, we will show how similar analysis techniques will lead an interpretation of inter-
planetary turbulence. In later sections, we will apply the same techniques to interplanetary Alfvén waves.
Figure 2 gives a schematic which shows why there are intense plasma waves around a comet.

Figure 2 shows a schematic of cometary ion pickup in the solar wind. The comet nucleus is on the right, and
the Sun is on the left (not shown). The solar wind is flowing from left to right at speeds of ~400 km/s (here we
assume the slow solar wind). As the comet approaches the Sun, the volatiles in the nucleus sublimate from its
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Figure 1. Examples of the interplanetary magnetic field power spectra from the Ulysses spacecraft magnetometer. The two panels on the left are the transverse
component and magnetic field magnitude power spectra for the solar wind in the ecliptic plane. The two panels on the right were taken at high heliospheric lati-
tudes. The spectra extend from almost ~10"> to ~10"" Hz. Adapted from Tsurutani and Ho (1999).
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Figure 2. Pickup of a cometary ion in the solar wind. In the above schematic, the
interplanetary magnetic field carried by the solar wind is orthogonal to the

direction of solar wind flow.

I - g
F=;vVxB

surface and the molecules propagate at speeds of ~1 km/s radially away from the comet. The volatile material
is mostly water-ice. It takes ~10° s for the molecules/atoms to get ionized by either photoionization or solar
wind plasma charge exchange. When this occurs, the newly formed H,O group of ions (H,O*, OH*, and O")
experience the Lorentz force associated with the magnetic fields embedded in the flowing solar wind and
become ions gyrating in the solar wind with speeds of ~400 km s~ (whatever the solar wind speed is).
This pickup process forms an ion “ring,” which is unstable to a T1/T; > 1 instability. In the above T1 is the
temperature perpendicular to the ambient magnetic field, and 7 is the temperature parallel to the
ambient magnetic field. The result is the generation of ion cyclotron (left-hand) waves. The freshly created
ion plasma waves can then evolve and cascade. This solar wind magnetic configuration occurred at comet
Grigg-Skjellerup, and the generation of nonlinear left-hand ion cyclotron waves has been well
documented (Glassmeier & Neubauer, 1993).

What if the interplanetary magnetic field were parallel to the solar wind velocity instead of being perpendi-
cular? Then the freshly created ions would not experience a Lorentz force. However, the ions would consti-
tute a beam propagating with a speed of ~400 km s~ in the reference frame of the solar wind plasma
and would therefore be subjected to a T)/TL » 1 instability. This anisotropy will lead to the generation of
right-hand (RH) polarized waves. This was the case for comet Giacobini-Zinner, the first observation of come-
tary waves and turbulence (Tsurutani & Smith, 1986a, 1986b). For more details about the instabilities and
wave generation, we refer the reader to the seminal paper by Wu and Davidson (1972). A good review of
the ion pickup process and the different wave modes that can be generated can be found in Tsurutani (1991).

Since the H,0 neutral molecules can propagate at speeds of ~1 km s~ for ~10° s before they are ionized, the
cometary turbulence can extend to ~10° km and further from the
nucleus (Tsurutani, Brinca, et al., 1989; Tsurutani, Page, et al.,
1989). Thus, cometary turbulence exists over an enormous volume
around an active comet (one in close proximity to the Sun).

In Figure 2, the spacecraft speed Vsc relative to the cometary
nucleus is low (Vsc ~0 to 60 km s~') compared to the solar wind
speed Vsw. Thus, the spacecraft instrumentation will view the
plasma waves and turbulence essentially in the comet frame. The
spacecraft sensors detect the plasma wave frequency and polariza-
tion in the cometary ion frame. In this case this will be at the H,0
group ion cyclotron frequency.

COMET
hv it
L

AN e H0 <

H,0*

The three panels of Figure 3 show the transverse magnetic field
power spectra of the turbulence at three different comets. The
pickup ion cyclotron frequency “pump” wave is noted at
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Figure 3. Power spectra of the transverse component of magnetic turbulence at three different comets: (left) Grigg-Skjellerup, (middle) Giacobini-Zinner, and (right)
Halley. All three clearly display the H,0 group ion cyclotron frequency “pump wave” at ~10 mHz. The turbulence at frequencies higher than the pump frequency is
fitted by power laws (dashed lines). The figure is adapted from Tsurutani, Glassmeier, and Neubauer (1995).

~10 mHz. All three power spectra display a power law spectrum at frequencies above the pump frequency.
The power law fits range from £~ to f =2 All three spectra have power laws close to f~>°. Thus, one might
suspect that this is associated with Kraichnan turbulence (Kraichnan, 1965).

However, there is more information to be gained from the magnetic field data than simply spectral expo-
nents. Information such as turbulence helicity (wave polarization) and waveforms are present and available.
We thus next look at samples of the waveforms in Figure 4. As previously mentioned, there is a great deal of
information available in single wave cycles.

Figure 4 displays the waveforms for the three comets shown in Figure 3. Even though the spectral shapes
were similar, the waveforms are significantly different from each other. The waves at comet Grigg-
Skjellerup (left-hand panel) are left-hand polarized waves (not shown) with periods of ~100 s. The peak-to-
peak amplitudes in a ~24 nT magnetic field are ~20 nT. The magnetic field is compressive. However, what
is important for the present discussion is that the waves are not sinusoidal. They are what we call “phase-
steepened,” meaning that there is more wave phase rotation on one side of the wave cycle than the other
(see details in Tsurutani, Glassmeier, et al, 1995). It is this phase-steepening that is creating the high-
frequency power in the spectrum of Grigg-Skjellerup in Figure 3. This phase-steepening plus some off-axis
wave propagdation is creating high-frequency power in the magnetic field magnitude spectrum as well
(not shown).

The waves at comet Giacobini-Zinner (Figure 4, central panel) are RH polarized in the plasma frame (Brinca,
1991; Thorne & Tsurutani, 1987; Tsurutani & Smith, 1986a, 1986b; Tsurutani et al., 1987). These waves have
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Figure 4. Sample waveforms of magnetic turbulence/waves at comets: (left) Grigg-Skjellerup, (middle) Giacobini-Zinner, and (right) Halley. The figure is an adapta-
tion of Tsurutani, Glassmeier, and Neubauer (1995).
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Figure 5. (top) Comet Churyumov-Gerasimenko “singing comet” waves and (bottom) power spectra. We note that these waves have a power spectrum of ~fF 10
from 2 x 10" to 5 x10° mHz. Adapted from Glassmeier (2017).

periods of ~100 s and have peak-to-peak component amplitudes of ~16 nTin an ~10 nT magnetic field. There
are strong magnetic magnitude compressions of ~50%. The waves are phase-steepened and have a wave-
form considerably different than that of the left-hand Grigg-Skjellerup waves. There are large-amplitude
high-frequency components which are not uniformly distributed throughout the interval but are primarily
detected at the phase-steepened edges. These high-frequency components are part of the magnetosonic
wave evolving toward “wave breaking.” We refer the reader to Tsurutani, Brinca, et al. (1989) for further dis-
cussion of RH wave steepening and dispersion.

The RH panel of Figure 4 shows the waves at comet Halley. These waves have a mixture of polarizations
(Glassmeier et al., 1987; Neubauer et al., 1986; Tsurutani et al., 1996) and may possibly be in a fully turbulent
state. Since this is not the main thrust of this paper, we will not discuss this topic further.

Tsurutani, Glassmeier, et al. (1995) also showed the wave helicity differences for the three comets. These are
also significantly different from one case to the next but have not been shown to conserve space. We refer
the reader to the original article for further information and analysis techniques. Glassmeier et al. (1989) have
studied this topic in detail.

We show two more examples of cometary waves and wave power spectra taken from the recent European
Space Agency/NASA Rosetta spacecraft encounter with comet Churyumov-Gerasimenko (comet “C.-G.").
Figure 5 (top) shows the large-amplitude (~20 nT peak-to-peak in an ~40 nT magnetic field) “singing comet”
waves (Richter et al.,, 2015, 2016) which are not generated by ion pickup but presumably by a cross-current
(modified ion Weibel) instability (Glassmeier, 2017). Although the waves appear to be a discrete mode, there
is also a high-frequency wave portion above the pump frequency. What is of importance here is the high-
frequency power which occurs from 2 x 10" to 5 x 102 mHz. The power law spectral shape is ~f~"*, similar
to the previously displayed cometary high-frequency power spectra.

TSURUTANI ET AL.
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Figure 6. (top) Magnetic waveforms and (bottom) the power spectrum for the (left) By component of the waves and the (right) B field magnitude at comet C.-G.

A second example of nonlinear waves at comet C.-G. is shown in Figure 6. These waves were detected close to
the comet diamagnetic cavity (Goetz, Koenders, Hansen, et al., 2016; Goetz, Koenders, Richter, et al., 2016).
The individual wave cycles are asymmetric and have steepened edges on the left-hand side. A full analysis
of the nature of these waves has not been completed yet, but it has been speculated that they are shocks
(Tsurutani et al,, 2016). The panel on the bottom left shows that the By field component has an ~f~>° power
law dependence from ~4 x 10" to 2 Hz and the B field magnitude an ~f~>° dependence over the same fre-
quency range. So not all cometary power spectra have ~f2° spectra above the pump frequencies.

Figure 7 returns to the topic of magnetosonic wave steepening detected at comet Giacobini-Zinner. This
example and information gained from it will be used as a guide to study single cycle Alfvén waves later in
the paper. In the top panel slightly more than one wave cycle is shown. The compressional components of
two wave peaks can be noted in the B magnitude panel at ~717:40 and ~719:10 UT. The magnetic field mag-
nitude increases by ~30 to 50%. At approximately the same time as these compressions, fluctuations in the
Br, By, and By components are noted. These are associated with the phase-steepening of the magnetosonic
waves. In the radial-tangential-normal (RTN) system, R points radially away from the Sun, T is Q x R/|Q X R|,
where Q is the rotation axis of the Sun and N completes the RH coordinate system.

To better understand the phase-steepening process of these magnetosonic waves, a minimum variance ana-
lysis (Smith & Tsurutani, 1976; Sonnerup & Cahill, 1967) has been performed on a portion of the above interval
which includes only one wave cycle. The minimum variance coordinates are determined by diagonalizing the
covariance matrix of the three magnetic field components. The three eigenvectors represent the three prin-
cipal directions, and the magnetic field is rotated into this system to obtain the B1, B2, and B3 components
where B1 is the maximum variation component, B2 is the intermediate variance component, and B3 is the
minimum variance component.
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Figure 7. A phase-steepened magnetosonic wave detected at comet Giacobini-
Zinner. (top) Three components of the wave in interplanetary radial-tangential-
normal coordinates and the field magnitude. (bottom) Hodogram of the minimum
variance B1 and B2 components of the magnetic field.

A hodogram of the B1 (maximum variance) versus the B2 (intermedi-
ate variance) component is shown in the bottom panel of the figure.
The time interval of analysis is 0718:30 to 0719:30 UT. Corresponding
time marks are indicated in the top and bottom panels so that the
reader can follow the detailed spatial features of this wave.

Point 1 (beginning of the interval) starts where the magnetic field
magnitude is a local minimum. The following points 2, 3, 4, 5, and
6 occur on the rising compressional part of the wave (top panel),
with little or no wave phase rotation. This portion of the wave is lin-
early polarized and compressional. From points 6 to 7, almost all of
the wave rotation occurs. This time interval is from ~0718:37 to
~0718: 50 UT (see top panel), an interval of only ~13 s. From the
bottom panel it is clearly seen that the wave is circularly polarized.
In the hodogram the ambient magnetic field direction is out of the
paper, so the wave is left-hand polarized in the spacecraft frame.
Since the wave is being convected by the solar wind past the space-
craft, it is anomalously Doppler-shifted, and thus, the wave is RH
polarized in the plasma frame. The RH polarization and compressive
nature of the wave indicate that it is propagating in the magneto-
sonic mode. This is in agreement with theory.

What one notes from this wave example is that the nonlinear
phase-steepening process has moved all the RH rotation/helicity
of the wave into a small region of space, ~13 s in duration (com-
pared to the wave period of ~100 s). This steepening process has
thus created a high-frequency component to the turbulence. An
analogy to this is when an ocean wave approaches shore, the wave
steepens more and more until it finally “breaks,” creating high-
frequency white foam on its leading edge. The steepening process
of this magnetosonic wave is clearly creating high-frequency com-
ponents before breaking. For magnetosonic waves, if the steepen-
ing process continues beyond the development of this particular
example, they presumably develop into full scale fast mode shocks.

The other linearly polarized compressive part of the wave is also
part of the cometary turbulence. This portion of the wave now
has a longer wavelength, since the wave period of ~100 s has
remained constant in this steepening process. So this is a linear
compressive component of the cometary turbulence. This portion
of the wave has a “period doubling” characteristic. A comparison

between single cycle magnetosonic waves and single cycle Alfvén waves will be made later in the paper.

The technique of using raw interplanetary magnetic field and plasma data of single wave cycles will be
employed to better understand interplanetary turbulence in high-speed solar wind streams in the next sec-
tion. This information will be useful for improving our understanding of the development of turbulence at

high heliospheric latitudes.

2.3. High-Latitude Solar Wind Turbulence: Alfvén Waves

Ulysses was launched in 1990 and then traveled to Jupiter, located at a distance ~5 AU from the Sun. The
close swing-by with the planet gave Ulysses a gravitational assist to get it into an orbit which took it over
the solar poles. It reached ~+80°. The trajectory to Jupiter and the first polar orbit are shown in Figure 8.

The solar wind velocity and magnetic field polarity for the first polar pass are shown in Figure 9. The speed of
the solar wind at any point is indicated by the radius from the center of the Sun (in the figure) to the curve. The
superposed image of the Sun was taken by the Solar and Heliospheric Extreme Ultraviolet Imaging Telescope
soft X-ray detector (Delaboudiniére et al., 1995). Polar coronal holes (dark regions) are noted in both the north
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North Polar Pass s
Jun-Sep 1995

South Polar Pass 104
Jun-Nov 1994

Figure 8. The orbit of Ulysses over the solar poles.

Ulysses

First Solar Orbit

Jupiter Fly-by
/ Feb1992

and south polar regions. The two coronagraph images identify
helmet streamers near the equatorial plane. Ulysses traveled over
the south pole from June to November 1994, during the declining
phase of the solar cycle. Polar coronal holes are largest in extent
during this phase of the solar cycle.

The magnetic field polarity is indicated by the coloration of the data
plot. The northern hemisphere data are red, indicating outward
pointing magnetic fields. The southern hemisphere data are blue,
indicating inward pointing magnetic fields. During this phase of
the solar cycle the solar magnetic field has a dipolar configuration
(Jones & Balogh, 2003; Forsyth et al.,, 1996). Every ~11 years the
polar magnetic fields reverse direction.

Figure 9 shows that the HSS coming out of the south polar coronal
hole has speeds of ~750 to 800 km s~ . This stream is long-lasting,

and thus, there are no stream-stream interactions taking place between the Sun and the distance of Ulysses,
~2.2 AU away. By examining the solar wind turbulence in detail, the evolution leading to the power law spec-
tra shown in Figure 1 will be better understood.

Figure 10 shows the magnetic field and solar wind velocity components within the polar HSS. From top to
bottom are the solar wind Vi and Bz components, the V; and By components, the Vy and By components,
and the solar wind speed and magnetic field magnitude. The bottom panel indicates the spacecraft helio-
spheric latitude. The data are shown in the RTN coordinate system, described previously.

ULYSSES/SWOOPS
Los Alamos
Space snd Almospheric Sclences

ULYSSES/MAG

Imperial College
®Outward IMF
®Inward IMF

Speed (km s™')

EIT (NASA/GSFC)
Mauna Loa MK3 (HAO)
LASCO C2 (NRL)

Figure 9. The solar wind speed and magnetic field polarity for the first Ulysses polar pass. There are gaps at £80° to 90° because the spacecraft did not cover the
heliospheric latitudes exactly at the poles. Taken from Phillips et al. (1994) and McComas et al. (2002).
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Figure 10. The magnetic field and solar wind velocity components over the south solar pole in radial-tangential-normal coordinates. The plot shows a 30 day interval
when Ulysses was at heliospheric latitudes less than —79°. The figure is taken from Tsurutani, Lakhina, et al. (2005).

If one inspects the second, fourth, and sixth panels from the top, it can be noticed that the magnetic field
components all vary between ~+1.0 and ~—1.0 nT. The eighth panel shows that the magnetic field magni-
tude By is ~1.0 nT. These ever-present magnetic (and electric) oscillations have AB/B,y ~1 to 2 and thus are
highly nonlinear.

A second feature that is important for our discussion is the dips in the magnetic field magnitude (second
panel from the bottom). The magnetic dips are ever-present and can be as large as 90% of the average ambi-
ent magnetic field strength. These are called MDs (Franz et al., 2000; Neugebaueer & Giacalone, 2010; Stevens
& Kasper, 2007; Tsubouchi, 2009; Tsubouchi & Matsumoto, 2005; Tsurutani, Lakhina, Verkhoglyadova, Echer,
etal., 2011; Tsurutani & Ho, 1999; Turner et al., 1977; Vasquez et al., 2007; Winterhalter et al., 1994, 1995, 2000).
MDs were earlier called “magnetic holes or MHs.” However, there is confusion with this term, and we suggest
to the reader that MD is a better name for this phenomenon. The presence of many MDs in the interplanetary
medium clearly indicates that the solar wind is highly “compressive” (here at this stage in the development of
this topic we only indicate that the magnetic field is not constant. We will address whether it is compressive
in an adiabatic sense later. This is a different meaning of the word “compressive” as discussed previously for
cometary magnetosonic waves). Also note that, although there are many magnetic field magnitude
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Interplanetary Alfvén Waves

decreases, there are very few magnetic field magnitude increases of
comparable magnitude to the decreases. This latter topic will be

June 14, 1994 (DL;l;isﬁess) 0000 = 2400 UT addressed further later in this paper.
10:2-_ L i To identify the nature of the magnetic field and velocity fluctua-
= o6l ] tions in Figure 10, we apply the Belcher and Davis (1971) method
L oaf ] of analysis for identifying Alfvén waves, looking at the cross-
- 2 o02F correlation between the components of the magnetic field and
S 0.0L L L I ' velocity components. The results for an examination of 1 day of
E 1.07 Y ) % Y the data in Figure 10 are given in Figure 11. In Figure 11 it is shown
] z 08} that three R, T, and N component correlation coefficients peak at
(é 5 xd zero lag, indicating that the fluctuations are Alfvén waves propagat-
Q o 041 ing outward from the Sun.
© 0.2 F
[ 0.0 It should be apparent to the reader that these waves are not your
S :)'g. “textbook” Alfvén waves where the analogy of the waves is a
= 0:6 L small-amplitude transverse pluck of a taut string. Release of the
L wal string launches transverse Alfvén waves propagating in both direc-
- 02l tions along the string. Here the entire magnetic field is oscillating
0.0E up and down (and sideways as well)l The interplanetary Alfvén

-60

Figure 11. Cross correlation of Vz-Bg, V-B7, and V\-By, for the day of 14 June 1994.
Taken from Tsurutani et al. (1996).

Table 1
Discontinuity Properties

=40

=20 0 20 40 60

) waves are of very large amplitude and highly nonlinear.
Lag, min.
One important point indicated by one referee is that the correlation

coefficients between the various Bi and Vi components at zero lag
are high but never reach values of 1.0. The reason for this has not
been explained. It could be caused by some nonlinear wave evolu-
tion or by other wave modes present in the interplanetary medium. For the interested reader we refer them
to Glassmeier et al. (1989) for a discussion of comet Halley coherency spectrum.

2.4. Interplanetary Discontinuities

There are four basic types of discontinuities. These are listed in Table 1. They are rotational (RD) and tangen-
tial (TD) discontinuities, shocks (S), and contact discontinuities (CDs) (see Landau & Lifschitz, 1960). RDs have
nonzero magnetic normal components, and for isotropic plasmas, the transverse component of H is constant
across the discontinuity surface (H, = 0). Ideally, RDs have large normal components and little change in mag-
netic field magnitude. TDs have a lack of a magnetic field normal across their surfaces (H, = 0). Shocks have
mass flow across their surfaces, and the magnetic field normal and tangential components need not be con-
served. CDs are discontinuities where the magnetic fields are identical on both sides, but the plasmas differ in
temperature and density. There is no mass flow across the surface.

Hsieh et al. (2014) have possibly identified one CD event occurring in interplanetary space. However, because
CDs occur so infrequently (they have been rarely detected), they are not pertinent to the discussion of inter-
planetary turbulence here.

2.5. Shocks in Interplanetary Space

There are three types of MHD shocks: fast (magnetosonic), intermediate
(Alfvénic), and slow (sonic). These are discussed in detail in Kantrowitz

Mass flux Change in magnetic field and Petschek (1966), Kennel et al. (1985), and Tsurutani, Lakhina,
Type of discontinuity Vi -0 Verkhoglyadova, Gonzalez, et al. (2011). Fast shocks have speeds rela-
& tive to the ambient solar wind plasma that are faster than the local
Rotational discontinuity #0 [Hl=0H, =0 magnetosonic speed. Intermediate shocks have speeds in between
= TG . U the intermediate MHD wave and the magnetosonic wave speeds,
angential discontinul — = .
< V [He] n and slow shocks have speeds greater than the MHD sonic speed and
Shock +0 [—]#0 Hy#0 [H # 0 less than the intermediate MHD wave speed. All shocks can be further
He subdivided into forward and reverse, as mentioned earlier.
Contact discontinuity 0 — = 0 H,#0

i}

Note. Taken from Tsurutani, Glassmeier, et al. (1997).

Interplanetary scientists have been able to identify these various
types of shocks and their properties through detailed data
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analyses. Colburn and Sonett (1966) and Abraham-Shrauner (1972) were among the first to develop data ana-
lysis techniques which are still in use today. Colburn and Sonett (1966) used magnetic field data alone (mag-
netic coplanarity) to identify the normal directions for shocks. The Abraham-Schrauner technique uses both
the magnetic field and the plasma data. This has therefore been called the “mixed-mode” method. However,
it should be mentioned that the two methods give slightly different results (Tsurutani & Lin, 1985). The causes
for this discrepancy have not been solved at this time. Once the normal directions of the shocks have been
established, the Rankine-Hugoniot conservation equations are applied to obtain the shock speeds in the
upstream plasma reference frame.

The most frequently observed shocks in the interplanetary medium are fast forward shocks and fast reverse
shocks. Some of these shocks are driven by ejecta from the Sun in association with solar flare events. These
ejecta were originally called “driver gases” (Tsurutani et al., 1988) but are now called ICMEs (Echer et al., 2008).
There are also forward and reverse shocks associated with the boundaries of CIRs (Echer et al., 2010; Smith &
Wolfe, 1976; Tsurutani, Smith, Pyle, et al.,, 1982), as mentioned previously.

Very few well-established cases of slow shocks have been detected in interplanetary space. Thus, Chao and
Olbert (1970), Burlaga and Chao (1971), Richter (1991), and Ho et al. (1994) have reported only individual
cases. Slow shocks are thus believed to be relatively unimportant as contributors to the power in interplane-
tary turbulence and will not be discussed further at this time. However, the subject of slow shocks will be
brought back somewhat later in this review.

Clearly established intermediate shocks in interplanetary space have not been identified to date. The theore-
tical possibility of their existence or nonexistence has been debated in the literature (Jeffrey & Taniuti, 1964;
Kantrowitz & Petschek, 1966; Wu, 1987). We will come back to the topic of intermediate shocks later in the
paper as well.

Figure 12 shows a Climate and Weather of the Sun-Earth System Il (CAWSESII) interplanetary interval detected
in the ecliptic plane by the Advanced Composition Explorer (ACE) satellite. We show this case to comment on
the frequency of fast shocks detected at low latitudes. One would not expect such shocks to occur at high
latitudes because solar ARs are confined to ~35° latitudes, as stated before. From the top to bottom of
Figure 12 are the solar wind velocity, density, temperature, the three components of the magnetic field (in
geocentric solar magnetospheric coordinates), and the field magnitude. The bottom panel is the geomag-
netic Dst index (lyemori, 1990). In the geocentric solar magnetospheric system, the X axis points toward
the Sun, the Y axis is in the Qg x X/|Qg % X| direction, and Z completes the RH system. In the above, Qg is
the direction of the Earth’s south magnetic pole.

Figure 12 shows three examples of fast forward interplanetary shocks. These events are indicated by vertical
red lines with a “FS” above them. The FSs are characterized by sharp increases in the solar wind speed, plasma
density, plasma temperature, and magnetic field magnitude. For each shock, the above described methods
were used to identify their characteristics. The normals were first calculated, the Rankine-Hugoniot relations
were applied to get the shock upstream speeds, and a comparison to the upstream magnetosonic speeds
was made to get their magnetosonic Mach numbers. Details of the shock properties can be found in
Tsurutani et al. (2008). There is also a reverse wave (RS) which is noted to be propagating into the low beta
MC (one part of an ICME). The RS was found to be propagating at a speed below the local magnetosonic wave
speed and thus was not a shock. It is thought that the RS was once a reverse shock which then propagated
into the low beta MC where the local magnetosonic speed is quite high. The MC is indicated by the black hor-
izontal bar. Thus, the speed of the reverse shock fell below the local magnetosonic speed and became a
wave. The wave should damp out with further propagation.

The low beta characteristic of a MC is used for its identification (Burlaga et al., 1981; Tsurutani & Gonzalez,
1994). The southward magnetic field component of the MC led to magnetic reconnection (Dungey, 1961)
and the resultant magnetic storm indicated by the large negative Dst values (Gonzalez et al., 1994).

The MC is thought to drive both the third FS (from the left) and the RS. The other two preceding forward
shocks were presumably generated by two other ICMEs, which were not detected by the spacecraft.
Multiple flaring occurred at the solar active region (AR), and many ICMEs were launched (Echer et al.,
2011). So far “blast wave” shocks (shocks without attached driver gases) have not been detected in interpla-
netary space. However, it is possible that when one gets closer to the Sun, blast waves may indeed be
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Figure 12. Fast forward shocks are denoted by an FS label at the top and vertical red lines. A magnetic cloud is denoted by “MC” and a horizontal green line. An MCis
a portion of a driver gas/interplanetary coronal mass ejections. Taken from Tsurutani et al. (2008).

detected. Future observations by Solar Orbiter and Solar Probe Plus and a proposed Icarus mission
(Krasnosselskikh et al., 2016) which, if approved, will go even closer to the Sun have the possibility of
detecting blast wave shocks.

Figure 12 shows three FSs detected on 7 November 2004. This relatively high occurrence rate is unusual. This
anomalously high shock occurrence rate was due to the condition that a very prolific AR was present at the
Sun and was facing the Earth. A more normal fast shock occurrence rate at 1 AU is approximately one
per week.

Interplanetary shocks (such as in Figure 12) at ~1 AU are relatively weak. Typical magnitudes are (magneto-
sonic) Mach numbers of 1 to 3 (Echer et al., 2010, 2011; Tsurutani & Lin, 1985). It should be noted that this
example was taken from in-ecliptic data. There should be even far fewer fast mode shocks in high-speed solar
winds, the topic of this study. Thus, fast shocks are also not particularly important for interplanetary power
spectra of solar wind HSSs.

2.6. Rotational and Tangential (Directional) Discontinuities and Their Occurrence Rates in High-Speed
and Slow-Speed Streams

The two remaining structures in the interplanetary medium which can add significant “power” to the turbu-
lence are RDs and TDs. These are schematically shown in Figure 13. A TD is shown on the left. For TDs, the
magnetic field direction and magnitude on either side can be different, but by definition, there is no
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Tangential Discontinuity

side 2

Rotational Discontinuity

side 2

Figure 13. A schematic of a (left) tangential discontinuity and a (right) rotational discontinuity. The plane shaded in gray represents the discontinuity surface. The

figure was taken from Tsurutani, Glassmeier, et al. (1997).

magnetic component normal to the discontinuity surface. An RD is shown on the right. The magnetic field
has a sharp “kink” at the discontinuity surface. This is a sharply crested Alfvén wave.

There have been and continue to be arguments in the scientific community on the relative number of TDs and
RDs (Belcher & Solodyna, 1975; Burlaga et al,, 1977; Horbury et al, 2001; Knetter et al, 2004; Lepping &
Behannon, 1980; Neugebaueer & Giacalone, 2010; Neugebauer, 2006; Neugebauer et al., 1984; Smith, 1973a;
Tsurutani et al,, 2007). RDs are structures which contribute to wave power in the turbulence power spectra.
However, TDs are not waves but still are measured by power spectra. TDs are static structures, which, if they
exist, should be removed from the values of the power. Unfortunately, to date, no one has devised a method
to identify the “collective power” associated with TDs to extract it from overall power spectrum. However,

1.00
Ideal MHD
Tangential Discontinuities
/ (TDs)
)
[
=

|deal MHD
Rotational Discontinuities

0.55
0
0 1.00

0.55 Br/BL

Figure 14. Discontinuity phase space diagram. Tangential discontinuities align
along the vertical gray strip, rotational discontinuities along the horizontal gray
strip, and discontinuities with both properties in the dark square near the origin.
Fast shocks will appear in the white area.

one might apply a wavelet transform to remove such structures as
Salem et al. (2009) have done for intermittent structures.

In 1973, Smith (1973a, 1973b) devised a means of separating TDs
from RDs, using a discontinuity phase space diagram as shown in
Figure 14. All “directional discontinuities (DDs)” were first identified
by sharp changes in the magnetic field direction (DDs can be either
RDs or TDs or shocks). For the phase space plot, the normal mag-
netic field component B,, and the change in magnitude |AB,| were
calculated. Both of these values were then “normalized” by dividing
by the larger magnetic field magnitude on either side of the discon-
tinuity, B;. In Figure 14, the vertical axis is |AB|/B; and the horizontal
axis is B,/B,. Thus, all discontinuities can be plotted in this 1.0 x 1.0
phase space. Ideal TDs lie in the gray vertically aligned area. Ideal
TDs lie in the gray horizontally aligned area. The dark square
near the origin identifies discontinuities that have properties of
both TD and RDs. Shocks will appear in the white area. This method
sometimes works well in distinguishing RDs from TDs (Neugebauer,
1984; Smith et al., 1973a, 1973b).

There have also been questions about the occurrence frequency of
DDs in slow-speed streams and HSSs. This is an important question
because a lot of the magnetic turbulence power must be associated
with discontinuities as mentioned earlier. Some simple computer
programs were written to automatically detect DDs and to
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Ulysses Ecliptic Plane:
Discontinuities and High Speed Streams

ULYSSES from Jupiter Encounter to South Pole
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Figure 15. Directional discontinuity (DD) rate of occurrence (discontinuities/d) for the Ulysses ecliptic plane traversal from 1 to ~5 AU, and then to large negative
heliospheric latitudes (and slightly lower heliospheric distances). The rate of interplanetary discontinuities is lowest in slow-speed solar wind streams and a factor
of ~2 to 3 times higher in high-speed streams. Taken from Tsurutani et al. (1996).

determine their rates of occurrence. Tsurutani and Smith (1979) used the criteria AB/B;, > 0.5, and Lepping
and Behannon (1986) used a slightly different criteria 6 = cosine™' (B; - Bo/|B1||B,|) > 30°.

Tsurutani et al. (1996) used both methods to apply to the Ulysses magnetic field data. The results are shown
in Figure 15. From top to bottom are the solar wind density, temperature, velocity, and magnetic field mag-
nitude. The fourth and fifth panels from the top are the rate of interplanetary discontinuities (ROID) values for
the Tsurutani and Smith criteria and Lepping and Behannon criteria, respectively. The bottom two panels give
the spacecraft location in radial distance from the Sun and heliospheric latitude, respectively.

The primary results pertinent to this paper are given in the third, fifth, and sixth panels from the top. When
the solar wind has velocities near ~400 km/s (slow solar wind), the ROID values are lowest. In HSSs with
speeds near ~800 km/s, the ROID rates are a factor of ~2 or 3 times higher. An “oscillation” between low-
speed streams and HSSs occurs during the interval between August 1992 and May 1993. The cause of this
oscillation is due to a “finger” of the south polar coronal hole extending up to higher latitudes. As the Sun
rotates, the normal to the finger occasionally points toward the spacecraft and the HSS emanating from
the coronal hole “finger” flows radially outward and eventually engulfs the spacecraft. As the Sun rotates
away, so does the HSS. The stream recurs at Ulysses at the solar rotation period of ~25 days.

From October 1993 until September 1994, the spacecraft was totally immersed in the HSS as Ulysses reached
sufficiently negative latitudes. The ROID rate also no longer shows an ~25 day oscillation. The Tsurutani and
Smith method gives a near-constant rate of ~80 discontinuities/d, and the Lepping and Behannon method
gives a near-constant rate of ~65 discontinuities/d when Ulysses was totally in the HSS.

There is clearly a higher rate of DDs in the HSSs compared to the rate in slow-speed streams. Assuming that
the discontinuities are essentially of the same nature in both types of streams with similar individual DD
“power,” this indicates that higher DD power exists in the HSSs. This may partially explain the higher value
of the power spectra shown in Figure 1. Of course, Alfvén wave power may contribute as well.

2.7. The Nature of Interplanetary Alfvén Waves From a Single Wave Viewpoint

Figure 16 shows a typical Alfvén wave detected in the interplanetary medium. We will examine this wave in
the same manner that was done for a cometary magnetosonic wave in section 2.2. However, because this is a
nonlinear Alfvén wave and not a magnetosonic wave, we can assume that the wave evolution and properties
might be quite different.
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Figure 16. An “arc polarized” Alfvén wave. The wave perturbation vector rotates slowly from point (1) to point (2) and then rapidly back from point (2) to point (3).
The B1-B2 hodogram at the bottom shows the “arc” rotation. Taken from Tsurutani et al. (1994).

The magnetic field is plotted in the top panel in minimum variance coordinates where the 1, 2, and 3 sub-
scripts designate the field component in the maximum, intermediate, and minimum variance directions,
respectively. The top three plots are the field components, and the bottom is the field magnitude.

In Figure 16, a 360° cycle of an Alfvén “wave” is indicated by vertical lines identifying the start of the wave at
(1), an intermediate step at (2), and the end of the wave at (3). If one examines the B1 (top) panel, it can be
noted that the magnetic field component slowly increases from ~—1.6 nT to ~+1.7 nT from points (1) to (2).
There is little or no variation in the B2 and B3 components during this interval. The magnetic field magnitude
remains constant at a value of ~1.7 nT throughout this portion of the wave oscillation. This is a point that we
will come back to later. From points (2) to (3), the B1 component makes a sharp change from ~+1.7 nT to
~—1.7 nT. This sharp change brings the field back to its initial orientation.

The bottom panel shows the B1-B2 wave hodogram for the whole time interval shown in the top panel. The
points (1) to (3) are indicated in the plot. Here the “arc” polarization (Riley et al., 1995, 1996; Tsurutani et al.,
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Analogy of Spherical Waves to Plane Waves 1994; Tsurutani, Smith, et al., 1995; Tsurutani & Ho, 1999) can be clearly

Plane Waves

1 —= k

a)

| k  Polarization

f’[‘\ Eliptical
1 — Kk Polarization

seen. The wave rotates from points (1) to (2) in an arc, and then back

Spherical Waves from points (2) to (3), also in an arc.

This Alfvén wave is “phase-steepened” very much like the large-
amplitude nonlinear cometary wave shown previously. As previously
mentioned, phase-steepening means that the wave does not have an
even rate of wave phase rotation with time (or distance) like a sinusoidal
wave does. The rotation is concentrated on a steepened end (in this
case, the antisunward end). There is a ~180° phase rotation from points
(2) to (3). Thus, the wave is effectively separated into two parts: a phase-
steepened portion with ~180° of phase rotation and the trailing part
with the remainder of ~180° of phase rotation.

Linear/Arc

There are both similarities and differences between the Alfvén wave
phase-steepening process and that of a cometary magnetosonic wave.
As the Alfvén wave phase-steepens, it is creating high-frequency power.
This is similar to the cometary magnetosonic wave. The remaining part
of the Alfvén wave is evolving into low-frequency power. This too is simi-
lar to the magnetosonic wave evolution. However, the magnetosonic
wave carries RH polarized helicity. The Alfvén wave does not. Another dif-
ference is that Alfvén wave stops at ~180° phase rotation for the stee-
pened edge and the cometary magnetosonic wave apparently does not.

Circular
Polarization

b)

Figure 17. An analogy between (left) planar waves and (right) spherical ] ) .
waves. (top to bottom) Three types of wave polarization are shown. Taken The phase-steepened edge of the Alfvén wave contains high-frequency wave

from Tsurutani, Ho, et al. (1997).

power. Has this wave “broken”? We will discuss this topic later in the paper.

The trailing portion of the wave carries ~180° phase rotation. Now this
phase rotation occurs over almost the original Alfvén wavelength, so the wave period has essentially
doubled. We use the term “period doubling” to describe this phenomenon. This is similar to the cometary
magnetosonic wave. This is not the familiar use of the term in weak turbulence, but here, it is descriptive
of nonlinear wave evolution and seems like an appropriate term to use.

An obvious question raised by the above discussion is what is “arc polarization” and what does it mean in a
physical sense? In Figure 17, the left-hand column shows various polarizations of plane waves. From top to
bottom are circular polarization, elliptical polarization, and linear polarization. The RH side of the figure shows
perturbation vectors rotating on the surface of a sphere. If the magnetic field magnitude is constant through-
out the wave (as B1 from points (1) to (2) in Figure 16), the wave perturbation vector is confined to rotate on a
surface of a sphere. The top figure shows a rotation in a circular sense. The second figure has a rotation in an
elliptical sense. However, it is clear that there cannot be a rotation which has a linear sense. This can occur
only for small-amplitude waves, and even then, there is still some “arc” present. Thus, our interpretation of
interplanetary arc-polarized Alfvén waves is that they are spherical waves.

Spherical waves, by definition, are not plane waves. Why are (some) interplanetary Alfvén waves spherical in
nature? One possibility is that the waves have been detected close to their source. This will be discussed
further later in the paper.

2.8. Magnetic Decreases and Alfvén Waves

Earlier in Figure 10 we showed 30 days of Ulysses magnetic field data within a high-speed solar wind stream.
There were many MDs in the data, while there were very few magnetic field increases. We will explore the
possible physical causes of MDs in this section. One thing to note in Figure 10 is that the “compressional
power” shown in Figure 1 must be mainly due to the presence of MDs in the high-speed solar wind.

There have been many proposed causes of MDs. Baumgartel (1999) has suggested that MDs could be the
dark soliton solutions of the Derivative Nonlinear Schrodinger equation. However, the applicability of the
Derivative Nonlinear Schrodinger equation for highly obliquely propagating nonlinear waves has been ques-
tioned by Buti et al. (2001). Buti et al. (2001) have suggested an alternative mechanism: local inhomogeneities
introduced by large-amplitude Alfvén wave packets that evolve into MDs.

TSURUTANI ET AL.
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Sakai et al. (2005) have analyzed the nonlinear dynamics of a shear Alfvén wave using a 2D3V PIC simulation
code. They find conditions when the Alfvén wave becomes unstable to the modified two-stream instability
with quasi-electrostatic lower-hybrid wave generation and electron heating in the ambient magnetic field
direction. As the shear wave becomes unstable, ion acoustic waves are excited, resulting in ion heating.

Roytershteyn et al. (2015) have performed a 3-D kinetic simulation of decaying turbulence. The authors have
found MDs which are pressure balanced structures that have a tendency to align along the mean magnetic
field direction. The decrease in magnetic pressure is found to be due to electron perpendicular pressure.

Although not directly relevant to high-speed solar wind streams, we mention several other major proposed
mechanisms for interplanetary MD formation. Tsubouchi and Matsumoto (2005) have modeled interplane-
tary RD interactions with the Earth’s bow shock with resultant MD formation. In their simulation, proton par-
allel heating occurs from enforced conversion of proton perpendicular motion into parallel motion by the
imposed rotational magnetic field. The resultant intense parallel/antiparallel flows are believed to generate
the field gradient at the edges, acting as a mirror force reducing the magnetic intensity.

Vasquez and Hollweg (1999) and Vasquez et al. (2007) have suggested that wave-wave interactions in the tur-
bulent sheaths behind interplanetary shocks could create MDs. Their idea is that MD generation occurs when
a pair of oppositely traveling Alfvén waves generates pressure-balance structures.

Tsubouchi (2009) has used a 1-D MHD simulation to show that Alfvénic fluctuations in the HSS interacting
with a velocity gradient structure will form MDs. The initial Alfvén wave disintegrates into two Alfvén modes
traveling in opposite directions. The field components are amplified when passing through the magnetic
compression region, causing a local current reversal. The resulting force sweeps the plasma backward to form
a pressure increase and the MD.

Although the above theoretical discussions pertain to MD generation, single wave observations indicate that
the interplanetary MDs in high-speed solar wind streams are related to Alfvén waves. We will follow the dis-
cussion of MD generation below, but with further observational information.

Figure 18 shows the typical relationship between Alfvén waves and MDs. The format of Figure 18 is similar to
that in Figure 16. The panels from top to bottom are the B1, B2, and B3 components in minimum variance coor-
dinates and magnetic field magnitude. There are three Alfvén wave cycles present in the figure. The bottom
panel is a B1-B2 hodogram of the middle wave. There is a schematic of the hodogram on the bottom right.

The three phase-steepened Alfvén waves are most apparent in the B1 component. The cycles are denoted by
the sawtooth-like variations in this magnetic field component. The hodogram shows that the middle wave is
arc-polarized. MDs are located at the phase-steepened edges of the Alfvén waves. These are denoted by ver-
tical dashed lines. The MDs can be noted in the magnetic field magnitude plot.

The question of what MDs are and if they are part of the Alfvén wave itself has been addressed by many
researchers (Baumgadrtel, 1999; Buti et al, 1998, 2001; Dasgupta et al., 2003; Hellinger et al, 2017;
Neugebaueer & Giacalone, 2010; Tsubouchi, 2009; Tsubouchi & Matsumoto, 2005; Tsurutani, Galvan et al.,
2002; Tsurutani, Dasgupta, et al., 2002; Tsurutani et al, 2003; Tsurutani, Lakhina, et al.,, 2005; Tsurutani,
Lakhina, Verkhoglyadova, Echer, et al.,, 2011; Vasquez et al., 2007; Vasquez & Hollweg, 1999). All of the above
ideas about MDs are that they are structures that are created or are associated with the Alfvén waves but are
not an intrinsic part of the wave itself. We will show some observational evidence that will indicate the nature
of these important plasma structures.

Figure 19 shows the phase space plot of 129 randomly selected MDs detected within the south solar polar
HSS. Only cases where the MD magnetic field magnitude changes (A|B|/B;) were greater than 0.2 were ana-
lyzed. This format is the same as in Figure 14. It is noted that the MDs not only have large magnitude changes
(up to 90%) but they can also have large normal components as well.

Assuming that solar wind protons have a bi-Maxwellian temperature distribution, the perpendicular (to the
ambient magnetic field) and the parallel temperatures were derived for 32 MD events detected in an HSS.
Temperature measurements both inside the MD and then at a point just outside the MD were obtained.
The values of the ratio of the inside to outside temperatures are shown in Figure 20. The top panel is the per-
pendicular temperature inside-to-outside ratio distribution. The bottom panel is the parallel temperature
inside-to-outside ratio distribution.

TSURUTANI ET AL.
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The Relationship between Alfvén waves and MDs
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Figure 18. Phase-steepened Alfvén waves and magnetic decreases. The figure is taken from Tsurutani, Galvan, et al. (2002).

The top panel of Figure 20 shows that the ratios of the perpendicular temperature inside the MD to that outside
the MD are mostly >1.0. The bottom panel shows that the ratio of the parallel temperature inside the MD to
that outside is centered at ~1.0. It is clear that perpendicular heating (top panel) is occurring for the plasma
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Figure 19. The Smith (1973a, 1973b) method applied to magnetic decreases in a
high-speed stream. The figure is taken from Tsurutani and Ho (1999).

within the MDs. Similar results indicating perpendicular ion heating
have been shown by Franz et al. (2000) and Neugebauer et al. (2001).

Tsurutani, Dasgupta, et al. (2002) took the analysis one step further.
If there is local heating occurring, then could there possibly be
observable dissipation in the form of waves associated with plasma
instabilities? Tsurutani, Dasgupta, et al. (2002) identified mirror
mode structures and ion cyclotron waves within MDs. Proton
temperature anisotropies with T1/T; > 1 are necessary for the
mirror instability to grow (Genot et al, 2009; Hasegawa, 1969;
Hasegawa & Tsurutani, 2011; Hellinger, 2007; Hellinger et al., 2017;
Pokhotelov et al., 2008; Price et al., 1986; Travnicek et al., 2007;
Tsurutani, Lakhina, Verkhoglyadova, Echer, et al., 2011; Tsurutani,
Smith, Anderson et al., 1982; Volwerk et al.,, 2008, 2016). The same
anisotropy is necessary for the proton temperature anisotropy
instability to grow (Gary et al., 1993; Kennel & Petschek, 1966;
Remya et al., 2013). Remya et al. (2013, 2017) have clarified that it
is the electron anisotropy and plasma f that distinguish which of
the two modes dominate.
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Figure 20. The proton (top) TL temperature inside-to-outside ratio distribu-
tion and (bottom) T|| temperature inside-to-outside ratio distribution. Taken
from Tsurutani, Dasgupta, et al. (2002).

Additionally, electron-associated plasma waves have been detected
inside MDs. Lin et al. (1995, 1996) and MacDowall et al. (1996) have
detected electron whistler mode waves and longitudinal Langmuir
waves inside MDs. Whistler mode waves are generated by an electron
temperature T1/T) > 1 anisotropy instability (Kennel & Petschek, 1966;
Tsurutani & Lakhina, 1997). Langmuir waves are generated by an elec-
tron beam instability.

Dasgupta et al. (2003) and Tsurutani, Dasgupta, et al. (2002) have sug-
gested that it is the steepened edge of the Alfvén wave and the ponde-
motive force associated with it that is responsible for proton and
electron acceleration/heating. As discussed previously, the Buti et al.
(2001), Sakai et al. (2005), and Roytershteyn et al. (2015) mechanisms
could also be operative. Saito et al. (2015) have indicated that nonlinear
dissipation of a finite amplitude whistler wave at ion scales could heat
the ions. Current observations are not good enough to determine
which, if any, of the hypotheses are correct. However, in any of the
above scenarios, the Alfvén waves are dissipating kinetically.

It should be noted that, although these various types of plasma waves
(ion and electron cyclotron, mirror mode, and Langmuir waves) have
been detected inside MDs, the waves lasted only short time durations.
The amount of power would be negligible in the overall interplanetary
power spectrum.

What created the MDs? Tsurutani, Dasgupta, et al. (2002) have proposed
that it is the heated ions and electrons accelerated by the ponderomo-
tive force that have created the high f MD regions. Much of the ambient
magnetic field is pushed out of the region into the neighboring areas.
An alternative suggestion is that MDs are the exhaust fans of interplane-
tary magnetic reconnection (Neugebaueer & Giacalone, 2010). If the lat-

ter suggestion is correct, that would explain the presence of slow shocks at the boundaries of the MDs
(Farrugia et al., 2001). In either scenario, the heated plasma is the source for the MDs. There are no large posi-
tive pulse magnetic fields, only negative pulses or decreases.

A multispacecraft spatial study was performed on MDs in the ecliptic plane to determine if the structures
were evolving within short distances. This was done using the ACE spacecraft, which was located near the
L1 libration point, ~0.01 AU upstream of the Earth (along the Sun-Earth line), and one of the 4 Cluster space-
craft orbiting the Earth. A similar study is not possible to do at high latitudes because neither NASA nor the
European Space Agency has two satellites spaced close to each other in these locations.

Figure 21 shows the same MD detected at ACE on the left and the four Cluster spacecraft on the right. The
measured solar wind speeds were used to calculate convection times in order to identify the same MD.
This event occurred on day 50, 2001. The four Cluster spacecraft are located relatively close to each other,
namely, <1 Rg (6,378 km); thus, the profiles of all magnetic fields look essentially the same (the solar wind
propagation delay times have been removed). The coordinate systems of the MD at ACE and Cluster are
the same, RTN. The ACE horizontal axis (time) has been compressed to allow both panels to be placed on
the same figure. There are similarities in the variations of the R, T, and N field components between ACE
and Cluster (this is the steepened edge of the Alfvén wave and a “discontinuity” shown in high time resolu-
tion), but there are differences as well. The most significant and noticeable difference is in the scale of the B
magnitude for the MD. The MD 1/e beginning and end are ~2155:33 and ~2156:16 UT or a duration of ~33 s
at ACE. For Cluster the 1/3 beginning and end are ~2306:08 to ~2306:13 UT or an ~5 s duration. The minimum
magnetic field in the ACE MD is ~2.3 nT and that for Cluster is ~0.7 nT. So the MD has become much narrower
spatially and deeper in minimum magnetic field magnitude at Cluster.

This spatial/temporal size of the MD was different at ACE and at Cluster, indicating rapid evolution within
~0.01 AU. To ensure that this was not some statistical variation, several more MDs were studied in a similar
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Figure 21. A magnetic decrease (MD) detected at the Advanced Composition Explorer (ACE) spacecraft at the L1 libration point and at the 4 Cluster spacecraft orbit-
ing the Earth. The MD is shown in the radial-tangential-normal coordinate system in both panels. The panel on the left (ACE) has been compressed in time to allow it
to be placed in the figure.

manner. Table 2 shows the ratio of convection times of seven MD events across ACE to that across the Cluster
spacecraft. The solar wind speed was constant for all of the events studied. The events all occurred in 2001.
The first column indicates the day of the event and the RH column the ratio of the sizes.

The ratios of MD size at ACE to Cluster vary from 4.4 to 21.3, indicating that in all cases the MDs were decreas-
ing in size while being convected over a short distance of ~0.01 AU, implying that the MDs were evolving
quite rapidly. The previous finding that Alfvén waves can be arc-polarized spherical waves is consistent with
this picture.

If the MDs are varying rapidly in time (and convected distance), this implies the rapid dissipation of interpla-
netary Alfvén wave energy. If this is occurring, then why does not spacecraft instrumentation detect rapidly
decreasing wave power as a function of distance from the Sun? The authors do not have an answer to this at
this time. However, we will address the issue of local generation of the waves in a later section.

3. Summary of Alfvén Wave and MD Observations

We have examined high-speed solar wind turbulence from a point of view of single Alfvén wave cycle evolu-
tion. Alfvén waves phase-steepen forming an arc of ~180° phase rotation at one edge. Since the nonlinear
processes cause the phase rotation to occur in a small spatial region, this is the creation of high-frequency
turbulence. At the same time, the lengthening of the remaining part of the wave creates lower frequency tur-
bulence. Both processes are occurring at the same time. We can think of this as “wave breaking” and “period
doubling,” respectively. Although the term “wave breaking” is most often known for ocean waves approach-
ing a beach, it has also been applied to nonlinear cometary magnetosonic waves (and shocks) discussed ear-
lier. The same basic evolution is occurring with interplanetary Alfvén waves, and we use the term here.
“Period doubling” has been used in nonlinear processes, but here, we use it in a highly nonlinear sense. It
is an observational feature that best describes nonlinear Alfvén wave evolution. Since interplanetary Alfvén
waves are composed of all wavelengths, this turbulence evolution is most probably occurring at all scales
down to the proton gyroradius (discontinuity) scale size.

Almost all of the turbulence power (Figure 1) in HSSs between 10" and 10~ Hz is associated with the non-
linear Alfvén waves. The Alfvén waves are continually evolving. They are steepening and also dissipating. One
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Table 2

Seven Magnetic Decrease (MD) Events Detected at Both the Advanced Composition
Explorer (ACE) and Cluster Spacecraft

by-product is the MDs. These are believed to be static structures
and not waves. Thus, the interplanetary high-speed turbulence is

a combination of both propagating waves and static structures.

Rate of phase steepening

The extreme value cases of intermittency (Frisch, 1995; Verma,

Event (day) MD-ACF/MD Cluster 2004) have been shown to correspond to the formation of coherent
22_34 ; structures (Chen et al., 2014; Matthaeus et al., 2015). The coherent
50 58 structures may be the arc-polarized portions of the Alfvén waves
51(a) 5.0 reported here.
51(b) 14.5
76-77 213 The greater occurrence frequency of the DDs as Ulysses went from
77 55 the ecliptic plane to higher heliographic latitudes can explain the
. - - greater amount of spectral power in HSSs, as shown in Figure 1,
Note. The event days are given in the left-hand column and the ratio of duration . X
times in the right-hand column. This is taken from Tsurutani, Guarnieri, et al. at least for the high-frequency components. It is presumably the
(2005). evolution of the Alfvén waves that lead to both greater low-
frequency and high-frequency wave power away from the original
wave frequencies.
The presence of MDs makes the interplanetary medium highly “compressive.” Here we mean that the mag-
netic field magnitude is not constant. A greater concentration of MDs in high-speed solar wind streams could
explain the greater compressional turbulence detected at high latitudes found in Figure 1. It should be noted
by the reader that caution should be taken when interpreting the results of Elsdsser variable analyses
(Elsasser, 1950; Marsch & Mangeney, 1987) of the interplanetary medium. If static nonpropagating structures
such as MDs are present in the data set, they could be interpreted as a combination of inward and outward
propagating Alfvén waves instead of the static structures that they are.
4, Source of the Alfvén Waves
It is believed that the stirring of the foot points of magnetic fields by convective motions in the photosphere
(granules and supergranules) can generate Alfvén waves at the Sun. Hollweg (2006) in arguing in favor of this
viewpoint has also cautiously pointed out difficulties in this interpretation based on scaling arguments. This
currently remains an unsolved problem. However, in this paper, we assume that the interplanetary Alfvén
waves are generated at or close to the Sun for lack of better alternatives
300 at this time.
Further from the Sun (>0.3 AU) the association of Alfvén waves with
200 high velocity streams has led to the suggestion that these waves might
be generated locally by velocity shear instabilities (Bavassano et al,
100 1978; Coleman, 1968; Roberts et al., 1987, 1992). The velocity shear of
the parallel plasma flow (or proton beams) can generate both electro-
. static and electromagnetic low-frequency waves as shown by
Hg- R Dobrowolny (1972, 1977) and Lakhina (1987, 1990).
% The solar wind plasma and its embedded magnetic field expand as they
= ~100 propagate from the Sun. Assuming conservation of adiabatic invariants,
the plasma should develop a distribution beamed along the magnetic
-200 field. Marsch et al. (1982) used the German Helios spacecraft data to
study the proton distribution functions in HSSs. The Helios satellite
-300 was in orbit around the Sun with a perihelion at ~0.3 AU and an aphelion
of ~1.0 AU. It therefore sampled the solar wind at a variety of helio-
4B centric distances. The Helios orbit was in the ecliptic plane.

400 500 600

Figure 22. The proton distribution function in a high-speed solar wind
stream. The dotted line is the magnetic field direction. The red-shaded rec-

700 800 900 1000 Marsch et al. (1982) and Hellinger et al. (2013) found a distribution with
oy [km/s] TL much larger than T, opposite to what one might expect. This is

shown in Figure 22, taken from Hellinger et al. (2013). The dotted line
in the plot is the direction of the interplanetary magnetic field.

tangles indicate the instrument resolution. The figure is taken from Hellinger Matteini et al. (2006, 2007) and Hellinger and Travnicek (2008) have

et al. (2013).

modeled the expanding solar wind and have found that the plasma is
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Proton Gyromotion

unstable to the fire hose and oblique fire hose instabilities at ~1 AU. Of
particular interest is that the oblique fire hose instability generates obli-
que Alfvén waves. For oblique enough magnetic fields (Parker spiral
configuration) and conservation of the CGL double adiabatic invariants
(Chew et al., 1956), Matteini et al. (2012) find the generation of perpen-
dicular temperature anisotropies (these temperature anisotropies can in
turn lead to the growth of MDs and mirror modes). Lower hybrid-type
electrostatic instabilities excited by the large-amplitude Alfvén waves
(Khazanov et al, 1996; Lakhina et al., 2004; Saito et al., 2015; Sakai

Magnetic
Decrease (MD)

et al,, 2005) could also create proton anisotropies with T1/T|| > 1. Such
instabilities would heat solar wind protons in the perpendicular direc-
tion leading to TL > T]|. The amplitude threshold for Alfvénic waves
exciting these instabilities appears to be lower in low [ regions.

Figure 23. A schematic of an energetic proton interaction with an magnetic
decrease. The figure is taken from Tsurutani et al. (1999). Another source of local generation of Alfvén waves is kinetic instabilities

associated with the solar wind proton heat flux. Both Ulysses (Goldstein
etal, 2000; Matteini et al., 2013) and Helios observations (Marsch and Livi, 1987) indicate a differential stream-
ing between the proton core and beam populations. Hellinger and Travnicek (2011, 2013) have indicated that
solar wind expansion leads to an increasing ratio between the differential particle velocity and the local
Alfvén speed, also leading to the oblique Alfvén wave instability.

The local generation of interplanetary Alfvén waves, if it indeed takes place, could replenish and add to some
of the Alfvén wave energy coming from the Sun, as discussed in section 2.8. Comets passing between the Sun
and the Earth can also add to interplanetary turbulence.

5. Effects of Interplanetary Turbulence
5.1. Energetic Particle Cross-Field Diffusion

There have been many theoretical articles on energetic charged particle diffusion associated with interplane-
tary turbulence. Some more recent papers are Lazarian et al. (2012), Le Roux et al. (2015), Sun et al. (2016), and
Subedi et al. (2017). We direct the interested reader to these papers and their references. A far different
mechanism has been proposed which associates energetic particle cross-field diffusion to interactions with
MDs. This mechanism is particularly effective for particles with large gyroradii such as solar flare ions. This
mechanism is a nonresonant interaction, does not lead to particle acceleration, and does lead to very rapid
diffusion. We will briefly review the mechanism.

Figure 23 shows a schematic of an energetic proton with gyroradius r, interacting with an MD with a circular
cross section radius a. The “impact parameter” is d. Assuming that the magnetic field is out of the paper, a
proton will intersect the MD at point P;.

Toillustrate the cross-field diffusion effect, assume that the particle motion is entirely within the plane of the

figure and the MD has a tubular geometry such that it is oriented orthogonal to the plane of the figure. There

is no effect due to the parallel (into or out of the plane) velocity of the energetic particle. The parallel motion

will, however, affect the frequency of encountering of MDs in interplanetary space. This will be
addressed later.

Figure 24 shows schematically how the proton interaction with a
MD causes motion of the particle’s gyrocenter in a direction across
magnetic field lines. Taking the example in Figure 23, initially, the
particle has a gyrocenter at point O. The particle is gyrating in the
ambient magnetic field of strength Bo. As the particle hits the MD
at point P, it experiences the lower magnetic field of the MD
(Bwp), and its first adiabatic invariant is broken. Due to the much
lower magnetic field magnitude inside the MD, the particle gyrora-
dius is increased (by the factor of By/Byp) and its new gyrocenter is

Figure 24. Proton gyrocenter displacement from point O to O" due to the interac- located at point O'. The particle continues its gyromotion through

tion with the magnetic decrease.

the MD and exits at point P, at which time it experiences the
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Figure 25. The ratio of proton cross-field diffusion (D) to Bohm diffusion (Dg) as a function of proton kinetic energy. The red dots represent 100 particle-magnetic
decrease (MD) interaction runs and the blue triangles 200 particle-MD interaction runs. Taken from Da Costa et al. (2013).

ambient magnetic field By again. Its gyrocenter changes again to location O". By this interaction, the particle
gyrocenter has moved from point O to O".

With the displacement of the proton gyrocenter, the parallel motion of the particle (into or out of the plane of
the Figure) will allow the proton to collide with other MDs. We call this time between interactions At. The
other MDs will have different cross-sectional radii (a) and different magnetic field intensities (Bmp).
However, if those variables can be taken into account, multiple MD interactions can be accommodated
and a diffusion coefficient could be constructed. The usual expression for this cross-field diffusion is
D1 = (A%)/At, where 4 is the cross-field displacement.

2
D, = % ?([z/w +3]a® +3M°r*)+
1
(@ — mr)? 20[M(M - 1)(a? — M) ]2 @

I tanh™'
1 (2M — 1)a% — M?r2

[M(M — 1) (a2 — Mr?)]2

Equation (1) gives an explicit expression for DL. In the equation, parameter M is Bo/Byp. All of the other para-
meters are the same as described before. This expression was derived and presented in Tsurutani and
Lakhina (2004). The properties of the MDs were determined by measurements of the Ulysses magnetic fields.
The statistical values of a, M, and At were determined, and then the histograms of each were fitted by func-
tional forms (Tsurutani & Ho, 1999).

The Monte Carlo analysis was performed in the following way. A single proton kinetic energy was selected.
The particle pitch angle was assumed to be 45°. This was done so that the particle would have equal parallel
and perpendicular speeds. Other angles could be accommodated easily. Each computer run had the proton
interact with 100 MDs. Each MD and its properties were determined randomly. This was then performed
1,000 times to get 1,000 values of A;. The 1,000 values of 4; were then used to empirically calculate the
cross-field diffusion rates. A detailed description of the analysis can be found in Da Costa et al. (2013).

Figure 25 shows the results of the Da Costa et al. (2013) Monte Carlo analyses. The perpendicular (cross-field)
diffusion rate normalized to the Bohm diffusion rate (DL/Dpg) is given as a function of particle energy in MeV.
At the left side of the plot, the cross-field diffusion for ~100 keV particles is noted to be ~11% of the Bohm
rate. At the far right side of the plots the diffusion rate for ~2 MeV protons is shown to be ~5.5% of the
Bohm rate.

It has been noted that in association with the 2012 solar flare that occurred on the far side of the Sun (Baker
et al.,, 2013; Ngwira, Pulkkinen, Kuznetsova, et al., 2013; Ngwira, Pulkkinen, Mays, et al., 2013; Russell et al.,
2013), the solar flare energetic ions were detected not only at both STEREO spacecraft but at Earth as well.
This indicates that the particles were sensed at ~360° in longitude around the Sun (at a 1 AU distance from
the Sun). Although the shocks associated with particle acceleration (Tsurutani, Smith, Pyle, et al., 1982;
Tsurutani & Lin, 1985) can extend a good portion of an AU in longitude (at 1 AU), De Lucas (2009) has
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Figure 26. Solar wind interplanetary magnetic field B, fluctuations (Alfvénic turbulence) and geomagnetic activity (AE and Dst). Taken from Tsurutani, Gonzalez, et al.

(1995).

indicated that there is only an ~50% chance that interplanetary FSs are detected by two spacecraft separated
by ~90° in longitude. Thus, one can assume that shocks do not extend 360° in longitude. Strong cross-field
diffusion must be the source of such a broad angular distribution, either near the Sun or in interplanetary
space between the Sun and 1 AU. If turbulent “compressions” of the magnetic field such as MDs exist in
this region of space, this could possibly account for the energetic particle observations. This could be an
interesting area of study for the Solar Orbiter and Solar Probe Plus missions.

5.2. Alfvénic Turbulence Effects on Geomagnetic Activity and the Acceleration of Relativistic
Magnetospheric Electrons

It has been shown that when the Alfvénic turbulence/waves have southwardly directed magnetic fields just
in front of the Earth’s magnetosphere, magnetic reconnection occurs (Dungey, 1961) with the Earth’s oppo-
sitely directed fields (Tsurutani & Gonzalez, 1987). These southwardly directed fields are most likely caused by
single wave interactions. The dayside magnetic reconnection leads to nightside reconnection and plasma
injections into the midnight sector of the magnetosphere (DeForest & Mcllwain, 1971). In HSSs where there
is a high level of this Alfvénic turbulence, magnetic reconnection can occur almost continuously for days or
even weeks (D'Amicis et al., 2007, 2009, 2010; Gonzalez et al., 2006; Guarnieri, 2006; Hajra et al., 2013; Kozyra
et al.,, 2006; Tsurutani, Gonzalez, et al., 1995; Tsurutani et al., 2006; Tsurutani & Gonzalez, 1987; Turner et al.,
2006). These intervals of Alfvénic turbulence and high geomagnetic activity have been called High-
Intensity Long-Duration Continuous AE Activity (HILDCAA) intervals. It has been shown by Hajra, Tsurutani,
Echer, Gonzalez, Santolik (2015) that such intervals of geomagnetic activity are accompanied by continuous
electromagnetic chorus generation. Chorus is believed to lead to relativistic electron acceleration in the mag-
netosphere (Horne, 2007; Horne & Thorne, 1998; Kasahara et al, 2009; Omura et al., 2015; Summers
et al,, 1998).

Thus, the generally accepted scenario is that interplanetary Alfvénic turbulence in HSSs leads to magnetic
reconnection causing HILDCAAs and midnight sector particle injections. The anisotropic ~10 to 100 keV ener-
getic electrons injected into the magnetosphere cause electromagnetic chorus generation by a temperature
anisotropy instability (Kennel & Petschek, 1966). The chorus in turn accelerates the ~100 keV electrons to rela-
tivistic energies. Reviews of this idea can be found in Tsurutani et al. (2006, 2010), Kasahara et al. (2009),
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(2015), Hajra, Tsurutani, Echer, Gonzalez, Brum, et al. (2015).

Figure 26 shows an example of solar wind magnetic field fluctuations in
B, and resultant geomagnetic activity at Earth. The panels from the top
are the solar wind speed, the magnetic field magnitude, and the IMF B,
component. The bottom two panels are the auroral electrojet index AE
and the ring current index, Dst. The AE index gives a measure of the
intensity of the electrojet current flowing at ~100 km altitude above
the auroral zone (~60° to 70° geomagnetic) latitudes. The Dst index
gives a quantitative estimate of the total energy in the ~10 to 300 keV
ions and electrons in the Earth’s magnetosphere (Dessler & Parker,
1959; Sckopke, 1966). The satellite used for making the interplanetary
measurements was the IMP-8 spacecraft. This is a spacecraft that was
in Earth orbit, with an apogee of ~40 R and perigee of ~30 R (https://
directory.eoportal.org/web/eoportal/satellite-missions/i/imp-8). This orbit
kept IMP-8 solely in interplanetary space except during short periods
when it was in the Earth’s geomagnetic tail.

Figure 26 shows that for essentially every major B, long duration nega-
tive excursion (single Alfvén wave cycle), there is a Dst decrease. This
implies that energetic particles are being injected into the magneto-
sphere (DeForest & Mcllwain, 1971). The responsible processes are mid-
night sector magnetic reconnection and plasma sheet convection into
the magnetosphere. It can also be noted in Figure 26 that for every
major B, negative excursion, there is an AE increase. This implies that
energetic charged particles are precipitating into the auroral iono-
sphere, creating enhanced conductivity in that region.

Figure 27 shows the relationship between HILDCAAs and relativistic
electron fluxes in the magnetosphere at L = 6.6. All of the HILDCAA
events identified in SC23 by Hajra et al. (2013) were used in this super-
posed epoch analysis. The energetic particle fluxes were obtained from
the GOES satellite (Onsager et al., 1996). The zero time in the analyses is

the start time of the HILDCAA events. The onset is defined when the AE index first exceeds 200 nT.

The results in Figure 27 show that HILDCAAs precede the occurrence of enhanced relativistic electron fluxes.
The E > 0.6 MeV electrons appear ~1 day after the onset of HILDCAAs, the E > 2.0 MeV fluxes appear ~1.5 days
after the HILDCAA onsets, and the E > 4.0 MeV fluxes occur ~2 days after the HILDCAA onsets.

The above scenario is in accord with what is expected by the scientific community. HILDCAAs represent sub-
storms and small injection events (Tsurutani et al., 2004). The injection of ~10-100 keV (anisotropic) electrons
will cause the generation of electromagnetic whistler mode chorus (Kennel & Petschek, 1966; Meredith et al.,
2002; Tsurutani et al., 1979; Tsurutani & Smith, 1977). The chorus will accelerate ~100 keV electrons gradually
(Boyd et al., 2014; Horne & Thorne, 1998; Miyoshi et al., 2003). Thus, the ~100 keV electrons will eventually be
accelerated to ~0.6 MeV electrons. If the chorus accelerates these ~0.6 MeV energy particles, after some time,
the electrons will reach ~2.0 MeV energies, etc. This bootstrap scenario has been proposed in Baker et al.
(1994), Li et al. (2005), Turner and Li (2008), and Hajra, Tsurutani, Echer, Gonzalez, and Santolik (2015).

If the interplanetary Alfvén waves are being generated locally (in addition to those generated near the Sun
and convected by the solar wind), then certain aspects of the predictability of HILDCAAs and thus predictabil-
ity of relativistic electrons by upstream monitors might be significantly impaired. Baker et al. (1983) noted
that magnetic field measurements made by the ISEE-3 satellite orbiting the L1 libration point only
~0.01 AU upstream of the Earth did not give consistent, particularly good predictability of geomagnetic activ-
ity (AE) at Earth. On the contrary, the magnetic field taken by the IMP-8 satellite much closer to the Earth
(Figure 26) gives quite excellent correlations between the IMF B, and AE. The problem might be the growth
of new Alfvén waves in the region between the L1 libration point and Earth.
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6. Final Comments

We have used our past knowledge and analysis techniques of nonlinear phase-steepened cometary plasma
waves/turbulence to apply to and study interplanetary Alfvénic waves/turbulence. We have shown that
knowing the spectral shape of power spectra is insufficient for understanding the details of the physical pro-
cesses leading to the formation of plasma turbulence. In particular, waveform and helicity information are
extremely important and should be included in any analysis performed. In that aspect, we have used single
cycles of cometary plasma waves to decipher the nature of the turbulence and its development. In particular,
we have focused on the waveform and helicity (polarization) of the waves.

The example of large-amplitude single-cycle cometary magnetosonic waves (Figure 7) clearly indicates
that the wave phase-steepening process leads to a steepened front consisting of a circularly polarized
RH (plasma frame) portion followed by a linear compressive portion. The former part of the wave is shor-
tened in time and thus represents high-frequency wave power. The trailing portion is the remainder part
of the wave and is low-frequency wave power. The leading portion of the wave contains more than half
of the wave phase rotation; thus, the trailing portion contains much less than half of the rotation. We
have therefore called the former “wave breaking” and the latter “period doubling.” This detailed analysis
technique of single wave cycles was then applied to interplanetary HSS Alfvén waves. It was shown that
large-amplitude Alfvén waves show very similar features in some sense and very different features in
other ways. For large-amplitude Alfvén waves, they were shown to have arc polarization. The wave phase
rotation is split ~50-50 in the leading and trailing portions of the wave (different from that of cometary
magnetosonic waves). The elongated trailing portion of the wave has nearly doubled its period; thus, we
have described this as “period doubling.”

It is clear that the evolution of cometary magnetosonic wave turbulence and interplanetary Alfvénic turbu-
lence are very different from each other, although both are plasma wave turbulence detected in the interpla-
netary medium. The long-lasting wave helicity (polarization) is one obvious feature of difference, but also the
splitting of the arc rotation into two parts is another. Thus, the mode of the original waves is perhaps most
important to describe the turbulence and its evolution. Helicity may be an enduring feature of the evolution-
ary process and thus may be a basic characteristic of the turbulence.

In sections 2.7 and 2.8, we again applied the cometary single cycle wave approach to several features of
Alfvénic wave turbulence. It was shown that Alfvén waves are often spherical in nature (Figures 16 and 17)
and there is evidence of rapid dissipation and evolution (Figure 21). Table 2 shows extremely rapid changes
in MDs over ~0.01 AU distance. To replenish the diminished Alfvén wave energy, local generation is needed.
Thus, in section 5, we have probed the possibility of local generation of Alfvén waves with the evolution of
the high-speed solar wind as the source of energy. Matteini et al. (2006, 2007) and Hellinger and Travnicek
(2008) have mentioned the possibility of local Alfvén wave generation though an oblique fire hose
instability caused by the expanding solar wind. Another source of free energy for this instability is
associated the differential speed between the proton core and beam (or He*™") distributions (Hellinger
& Travnicek, 2011, 2013).

In section 6 we again used the single wave approach. It was shown that single particle interactions with an
MD will lead to cross-field displacement of an energetic ion. To identify how many particles will interact with
multiple MDs with different characteristics, a Monte Carlo approach was applied. However, the basic physics
is the single particle interaction with a single MD.

In section 6 we also examined how components of single cycles of an Alfvén wave train may cause geomag-
netic activity and the concomitant acceleration of relativistic electrons in the Earth’s magnetosphere.

We have tried to give an informative review of interplanetary turbulence in solar wind HSSs from an observa-
tional viewpoint focusing on discontinuities, shocks, MDs, and single Alfvén wave evolution. There are still
major unsolved problems that should be mentioned.

Figure 26 shows a strong relationship existing between the IMF B, components and geomagnetic activity (AE
and Dst). However, it was noted that the interplanetary measurements were taken by a near-Earth orbiting
spacecraft (IMP-8) only ~40 Rr upstream of the Earth. Are observations much further from the Earth useful
to predict the onset of HILDCAAs based on solar wind observations? If the predictions are impaired, are they
only slightly modified?
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Previous attempts have been made to match observations of the IMF at the L1 libration point ~0.01 AU
upstream of the Earth to geomagnetic phenomena and indices. This was first done using ISEE-3 observations
(Baker et al., 1983) and more recently using ACE data (Guarnieri et al., 2007). Although both spacecraft mag-
netic field data were excellent for identifying the occurrence of large-scale interplanetary structures such as
fast shocks and MCs, they were far less successful in matching the Alfvénic turbulence B, cOmponents to
the AE index. ISEE-3 had a somewhat “loose” orbit around L1, and it was thought that a tighter orbit would
improve matters. The ACE spacecraft was put into this tighter orbit, but still strong correlations like that in
Figure 27 have not been found. Thus, at this time, it seems difficult to predict HILDCAAs with a ~30 min
advanced warning.

There are days where using ACE interplanetary data gives good correlations to AE and other times when it is
less well correlated. Is the local generation of Alfvén waves the cause of lower correlation intervals?

In the body of the text we postponed the discussion of the intermediate and slow shocks until this section of
the paper. We have shown that interplanetary Alfvén waves phase-steepen, they are dispersive and dissipa-
tive, so are they not intermediate shocks? Diagnoses of the wavefronts are extremely difficult. The presence
of the upstream MDs makes analyses of the wavefront normals by standard techniques very difficult, if not
impossible. However, from all the ancillary information shown in this paper, intermediate shocks do seem
to exist. If these indeed are intermediate shocks, there is a plethora of them, far more than fast shocks.

A similar comment to the above paragraph can be made for the existence of slow shocks. In the body of the
text we mentioned that there were too few reported in the literature to consider as a major source of inter-
planetary turbulence power. Tsurutani and Ho (1999) and Franz et al. (2000) have determined that most MDs
are bounded by sharp magnetic field decreases and sharp magnetic field increases. If these sharp magnetic
field magnitude changes are slow shocks as identified for a limited number of cases by Farrugia et al. (2001),
then this phenomenon would also be far more common than we currently realize.

What could be the source of Alfvén waves inside 0.3 AU distance from the Sun? Hollweg (2006) discounted
granular and supergranular circulation because of a lack of continuity of scale sizes. However, if both of these
sources exist, plus further cascading takes place, this idea merits further exploration. Another idea for the
generation of low-frequency waves is the solar rotation of nonuniform coronal magnetic fields. This idea
was proposed by Hoshino and Takeshima (1993) in application to X-ray binary pulsars and by Glassmeier
(1995) applied to Jovian Alfvén waves.

A final related topic should be mentioned. There is the theoretical possibility of the occurrence of rogue
plasma waves. This is analogous to large-amplitude rogue ocean waves which have sunk large ships. Can
these large-amplitude Alfvénic waves be present in the solar wind as hypothesized by Ruderman (2010),
and if so, what effects would they have on the properties of turbulence and geomagnetic activity? Bacha
et al. (2017) have hypothesized the existence of ion-acoustic rogue waves in the solar wind associated with
a modulational instability. If this is correct, the interplanetary medium at large distances from the Sun may be
filled with this phenomenon.

We also expect many surprises to exist in the interplanetary medium close to the Sun. In this article we men-
tioned several possibilities, “blast wave” shocks and MDs. Those two and many more may await the measure-
ments from the Solar Orbiter, Solar Probe, and Icarus missions.
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