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Abstract. Thesolar coronaisthe hot, ionized outer atmosphere of the Sun. Coronal plasmaexpands
into interplanetary space as a supersonic bulk outflow known as the solar wind. This tenuous and
unbounded medium is a unique laboratory for the study of kinetic theory in a nearly collisionless
plasma, as well as magnetohydrodynamic waves, shocks, and jets. Particle velocity distributions
in the solar wind have been probed directly by spacecraft (outside the orbit of Mercury), and
indirectly by ultraviolet spectroscopy (close to the Sun). Fluctuations in the plasma properties and
in electromagnetic fiel ds have been measured on time scales ranging from secondsto years. Despite
more than a half-century of study, though, the basic physical processes responsible for heating the
million-degree corona and accelerating the solar wind past the Sun’s escape velocity are still not
known with certainty. Understanding the basic physics of the solar wind is necessary to predict the
Sun’simpact on the Earth’s climate and local space environment.

This presentation will review the kinetic origins of several physical processes that are currently
believed to be important in depositing energy and momentum in coronal particle velocity distribu-
tions. Because ions in the solar wind are heated and accelerated more than would be expected in
either thermodynamic equilibrium or via a mass-proportional process, an ion cyclotron resonance
has been suggested as a likely mechanism. Other evidence for gyroresonant wave dissipation in the
corona will be presented, and possible generation mechanisms for the (as yet unobserved) high-
frequency cyclotron waveswill be reviewed. The mean state of the coronal and heliospheric plasma
is intimately coupled with kinetic fluctuations about that mean, and theories of turbulence, wave
dissipation, and instabilities must continue to be devel oped along with steady state descriptions of
the solar wind.

INTRODUCTION

Most stars gject matter from their atmospheres and fill a surrounding volume with hot,
low-density plasma. In the case of the Sun, indirect evidence for this phenomenon has
been available for millennia. When primitive peoples saw the crown-like solar corona
during atotal eclipse, and shimmering aurorae in the northern and southern skies, they
were viewing the beginning and end points of the solar wind flow that intercepts the
Earth. The first scientific understanding of the solar wind came at the beginning of the
20th century from three unrelated directions: (a) observed correlations between sunspot
activity, geomagnetic storms, and aurorae, (b) the presence of coronal plasma with
temperatures exceeding 10° K, inferred from eclipse spectroscopy, and (c) observations
of gas in the tails of comets being accelerated rapidly away from the Sun [1,2,3]. In
1958, Eugene Parker [4] synthesized these empirical clues into a theoretical model of
a steady-state fluid flow. Parker’s key insight was that high temperatures in the corona
can provide enough energy per particle to produce a natural transition from a subsonic



(bound, negative total energy) state near the Sun to a supersonic (outflowing, positive
total energy) state in interplanetary space. The existence of a continuous solar wind was
verified by the Mariner 2 probe, sent to Venusin 1962, which detected alternating dense,
low-speed (300-500 km s~1) streams and tenuous, high-speed (500-800 km s~1) streams
[5]. This paper reviews the physics of the high-speed solar wind, which represents the
most structure-free “ambient” state of the plasma[6,7].

Astronomers studying the solar corona are at a double disadvantage compared to
most laboratory plasma physicists. First, we must deal with the Sun as it is and cannot
control our experiments. Second, we are usually either very far from the experiment
(in the case of photon measurements of the corona), or can only sample a limited one-
dimensional trajectory through the plasma (in the case of deep-space probes). Despite
theselimitations, though, solar and space physicistshave assembled alarge, multi-decade
set of particle and field measurements, from the surface of the Sun to past the orbit of
Pluto. Theoretical models of how the solar corona is heated and how the solar wind is
accelerated depend on the constraints offered by these measurements.

There are several important reasons for studying the Sun and its surrounding plasma.
The corona and solar wind exhibit a wide range of densities—between 10'° and 10~*
particles per cm®—that bridges the gap between strongly collisional and strongly
collisionless conditions. Basic kinetic and magnetohydrodynamic (MHD) processes
such as gyroresonant wave heating, turbulent cascade, shock acceleration, and magnetic
reconnection have been detected in the solar wind, and direct comparisonswith | aboratory
experiments have been fruitful [8]. On the more practical side, an understanding of how
the solar wind is produced is a necessary precursor to being able to predict the Sun’s
long-term effects on the Earth’s local space environment. When the solar wind impacts
the Earth’s magnetosphere, it can interrupt communications, threaten satellites and the
safety of orbiting astronauts, and disrupt ground-based power grids[9]. Variationsin the
high-speed component of the solar wind (the component thought to be energized by ion
cyclotron waves) have also been shown to have an effect on the Earth’s climate [10].

OBSERVATIONS

The outer solar atmosphere contains several distinct layerswith qualitatively different
properties. Therelatively placid photosphere (1" &~ 6,000 K) marksthe boundary between
diffusion and free escape of visible photons. Above the photosphere, the chromosphere
isathin layer heated by acoustic waves and shocks (7" ~ 20,000 K). A rapid transition
to the hot corona (7' > 10° K) occurs approximately 0.003 solar radii (R.) above the
photosphere. The base of the coronais a continually replenished ensemble of closed
magnetic loops and open flux tubes, but above a height of ~0.1 R the open field
lines begin to dominate (see Figure 1). At the minimum of the 11-year sunspot cycle,
the large-scale magnetic field is predominantly dipolar, with high-speed wind emerging
from polar coronal hole regions and low-speed wind emerging from bright equatorial
streamer complexes. The plasma g (i.e., the ratio of gas to magnetic pressure) is much
less than 1 in coronal holes at heights less than ~5 R, and is of order 1 in streamers.
Further from the Sun, 3 exceeds 1 everywhere and the gas pressure of the wind stretches



-

———
Coronal Base Magnetic Field //

FIGURE 1. Schematic view of the solar magnetic field at the minimum of the 11-year sunspot cycle.
The stochastic distribution of small-scale loops and open flux tubes at the base [11] gives way to a more
ordered set of field linesin the extended corona[12]. The ultraviolet image of the solar disk (dark colors
represent brighter regions) was taken by the EIT instrument on the SOHO spacecraft [13].

out the field lines into interplanetary space.

Thetwo most useful means of measuring the propertiesof solar wind plasmahave been
in situ spacecraft detection and theremote sensing of coronal photons. Theprimary results
of such measurements are summarized bel ow. Other diagnostic techniquesthat cannot be
discussedin detail in thisbrief review are the scintillation of radio waves passing through
the corona [14], the analysis of backscattered solar radiation by interstellar atoms [15],
and using comets as probes of the solar wind energy budget [16].

Spacecraft have measured particle vel ocity distribution functions and el ectromagnetic
fieldsascloseto the Sunas60 R, (Helios1 and 2), and asfar as 12,000 R, (Moyager 2).
Departuresfrom Maxwel lian vel ocity distributionshave been used as sensitive constraints
on the kinetic physics on microscopic scales. Electron distributions are isotropic at low
energies, but contain magnetic field-aligned beams at high energies that seem to be
the collisionless, adiabatically focused remnants of hotter plasma near the Sun [6].
Proton distributions are isotropic far from the Sun, but at distances closer than about
100 R, they exhibit higher temperatures perpendicular to the field than in the parallel
direction. The proton magnetic moment (proportional to 7', / B) is not conserved in this
region, indicating perpendicular energy deposition [17]. lons of a half dozen abundant
elements have been measured by various spacecraft, and in the high-speed component
of the wind they tend to flow faster than the bulk proton/electron wind and have
temperatures that exceed the mass-proportionality expected for equal thermal speeds,
e, (T./T;) 2, (m:/m;), for m; > m; [18].

In situinstruments have al so measured fluctuationsin magnetic field strength, vel ocity,
and density on time scales ranging from 0.1 second to months and years. Both propagat-
ing waves (mainly Alfvénic in nature) and nonpropagating, pressure-balanced structures



advecting with the wind are observed. Nonlinear interactions between different oscilla-
tion modes create strong turbulent mixing, and Fourier spectra of the fluctuations show
clear power-law behavior—indicative of inertial and dissipation ranges—in agreement
with many predictions for fully developed MHD turbulence [19,20].

Because spacecraft measurements have not been able to probe the wind where its
acceleration occurs (typicaly at heights between 2 and 10 R.), we have relied on
complementary observations of photons from the corona to study this key region. One
minor complication with these data is that the corona has an extremely low opacity, so
all measurements are integrations over an extended line of sight. The localized plasma
properties can be extracted reliably, however, when the coronal geometry is known
[21,22]. The emission from the extended coronais al so orders of magnitude dimmer than
thedisk of the Sun. Thetechnique of occulting thedisk in coronagraph tel escopes—often
combined with spectroscopy to isolate individual ion properties—has led to a dramatic
increase in our knowledge about the acceleration region of the wind.

TheUltraviolet Coronagraph Spectrometer (UV CS) aboard the Solar and Heliospheric
Observatory (SOHO), launched in 1995, has been the first spaceborneinstrument able to
constrain ion temperature anisotropies and differential outflow speedsin the acceleration
region of the wind [23]. UVCS measured O°* perpendicular temperatures exceeding
3x 10® K at a height of 2 R, with T', /T ~ 10-100. Temperatures for both O°* and
Mg® are significantly greater than mass-proportional when compared to hydrogen, and
outflow speeds for O°* may exceed those of hydrogen by as much as a factor of two
[21,23]. These results are similar in character to the in situ data, but they imply more
extreme departures from thermodynamic equilibrium in the corona. Because of the
perpendicular nature of the heating, and because of the ordering Tio, > T, > T,, UVCS
observations have led to a resurgence of interest in models of coronal ion cyclotron
resonance (see below).

HEATING AND ACCELERATION PROCESSES

There is heating everywhere above the solar photosphere. Figure 2 is an overview of
the thermal properties and relevant time scales in the high-speed solar wind that emerges
from coronal holes. The energy deposition, here plotted as a net heating rate per proton
(i.e., proportional to n”~9(Pn7)/ot, for number density n, pressure P, and ratio of
specific heats v = 5/3) can be divided heuristically into four regions (see numbered
curves):

1. Chromospheric heating occurs immediately above the photosphere where the plasma
ismostly neutral, and the plasmadensity ishigh enough for many collisionsto occur per
Larmor gyroperiod. Thus, nonmagnetic mechanisms such as acoustic wave dissipation
tend to be considered as the dominant source of energy deposition [26], but magnetic
effects still may be important [27]. The production of acoustic and MHD “noise” by
the strong turbulent convectionin the solar interior hasbeen studied for several decades
[eg., 29].

2. Base coronal heating “turns on” abruptly about 0.003 R above the photosphere
and seems to extend out several tenths of a solar radius. The effective heating rate
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FIGURE 2. (&) Plasmatime scales plotted as a function of distance from the solar photosphere: the
proton Larmor gyroperiod (dashed line), the mean time between proton-proton Coulomb collisions (solid
line), and the wind expansion time over one density scale height (dotted line). (b) Proton temperature
T, and heating rate per proton @), /n, derived from measured plasma properties [6,23,24,25]. The four
regions heated by different processes are labeled by numbers (see text). The region of unobserved T), is
denoted with hatching, and the orbit of the Earth at 1 AU = 214 R, islabeled with an arrow.

shown in Figure 2 includes the strong downward heat conduction generated by this
sharp temperature gradient. Most suggested heating mechanisms involve the storage
and release of magnetic energy in small-scale twisted/braided flux tubes [26,29].
The magnetic energy is probably dissipated as heat by Coulomb collisions (via, e.g.,
viscosity, thermal conductivity, ion-neutral friction, or electrical resistivity) because
many collisions can occur in aplasma parcel before the solar wind carries it away.

3. Extended coronal heating must occur over a large range of distances, far into the
regions where the wind expands through a density scale height before any collisions
can occur (i.e., where tying = [u,d(Inn,)/dr]* is smaller than ¢ ~ 0.87/2/n,,).
At distances greater than 2 to 3 R, the proton temperature gradient is noticeably



shallower than that expected from pure adiabatic expansion [30], indicating gradual
heating of the collisionless plasma (see below).

4. Heating near the distant termination shock, where the solar wind meetstheinterstellar
medium, may occur when neutral interstellar atoms enter the heliosphere and become
ionized, forming a beam or ring-like velocity distribution that is unstable to the
generation of MHD waves[25]. Evidencefor thisfinal stage of solar wind energization
isscant, sinceasof 2001 the Voyager 2 probe has not yet passed through thetermination
shock.

The remainder of this paper discusses the extended heating in region 3, where the
primary solar wind accel eration occurs. Thevast majority of proposed physical processes
involve the transfer of energy from propagating magnetic fluctuations (waves, shocks,
or turbulence) to the particles. This broad-brush consensus arises because the ultimate
source of energy must be solar in origin, and thusit must somehow propagate out to the
distances where the heating occurs [20,31].

It is not known how or where the fluctuations responsible for extended heating
are generated. Some have suggested that left-hand polarized ion cyclotron waves are
generated impulsively at the base of the corona and propagate virtualy unaltered to
where they are damped [7]. A related idea is that the same basal impulsive events
generate fast shocks that fill the extended corona and convert some of their energy into
anisotropic heating and ion acceleration [32]. Problems with these ideas include: (a)
the neglect of minor ions that can easily absorb a basal fluctuation spectrum before any
primary plasmaconstituents (protons or He?*) can comeinto resonance [33,34], and (b) a
significant shortfall in observed density fluctuations, compared to predictions consistent
with the basal wave generation models[35].

More numerous are proposed scenarios of local wave generation; i.e., where “sec-
ondary” fluctuations arise throughout the corona as the result of either turbulent cascade,
plasmainstability, or modeconversion[e.g., 36,37,38]. Themost likely dissipation mech-
anism seemsto be ion cyclotron resonance, since Landau damping mainly tends to heat
electrons in a low-3 plasma [39] and collisional damping is negligible. lon cyclotron
frequencies in the corona are typically 10 to 10,000 Hz, but the oscillation frequencies
observed on the surface of the Sun (generated mainly by convection) are of order 0.01
Hz. Any wave generation mechanism must therefore bridge a gap of many orders of
magnitude in frequency (or wavenumber). Most models of MHD turbulence [40,41] fa
vor thetransfer of energy from small to large wavenumberstransverse to the background
magnetic field (k - B ~ 0). However, ion cyclotron damping of Alfvénic fluctuations
(believed to be the only mode that can surviveinto the solar wind) requireslarge parallel
wavenumbers (k; ~ Qion/V4) that seemingly are not produced by MHD cascade. This
inability to produceion cyclotron waveslocally inthe coronais amajor roadblock in our
attemptsto understand the origin of the observed anisotropic heating and preferential ion
acceleration.

Despite our present lack of understanding about how ion cyclotron waves may
be generated, there has been no shortage of attempts to “work backward” from the
observational constraints to derive further details of the required wave properties and
their kinetic effects. In addition to moment-based models assuming bi-Maxwellian
distributions [e.g., 33,38], there has been a recent flurry of activity to understand
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FIGURE 3. The left panels show numerical velocity distributions after 0, 5, and 80 minutes of ion
cyclotron diffusion, with an input wave power spectrum consistent with extrapolations of in situ power
down into the corona[20,33,44]. The gray regions denote the most populated “cores’ of the distributions,
having greater than 1/e of the peak phase space density. Theright panel shows a representative fast-wind
Helios proton distribution at 0.3 AU [6], not to scale.

Kinetic departures from simple parameterized velocity distributions [42,43,44]. Figure
3 shows a representative calculation of quasi-linear velocity space diffusion of an O°*
distributioninitially inthermal equilibriumwiththeprotons. Strong 7', >> T, anisotropies
arise naturaly, and preferential acceleration comes from both the curvature of resonant
surfaces in velocity space and from the mirror force on large-7'; ions.

Considerable progress has been made in the last decade in characterizing the plasma
state of the corona and solar wind. The observations have guided theorists to a certain
extent, but ab initio kinetic models are still required before we can clam a full
understanding of the physics. Future spectroscopic measurements of the corona are
expected to provide constraints on specific departures from bi-Maxwellian velocity
distributions [44], and NASA's Solar Probe (if funded) will make in situ measurements
asclosetothe Sun 4 R,. To digest these observations, the lines of communication must
be kept open between the plasma physics and astrophysics communities.
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