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Preface

The Sun is the ultimate sourcc of almost all energy on Earth. Besides sending
warmth and light to Earth, it also has different kinds of influences on the Earth and the
geospace through its magnetic fields, particles, plasma and electromagnetic emissions.
Since the launch of the first artificial satellite in 1957, we have entered the space age.
Space-borne and ground based observations contribute greatly to our understanding and
predicting the effects of solar activity on the Earth and in space. In addition to
theoretically understanding the flow of energy from the Sun through interplanetary
space, the Earth’s magnetotail, magnetosphere and ionosphere, there are important
practical implications for satellites’ and astronauts’ safety, ground electrical power
systems, navigation and communication system. This volume covers the broad scope of
phenomena related to space physics, from the solar activities, interplanetary
disturbances. magnetospheric effects, ionospheric and thermospheric consequences.
The purpose is to promote our current understanding of the chain of processes that occur
between the Sun and Earth.

The present volume consists of two parts: the first part is concerned with the solar
and heliospheric physics, and the second. the magnetospheric physics. An introduction
is presented ahead of cach part to give a summary of all papers included., followed by
these papers. We acknowledge that this classification may not be appropriate for some
papers, since the study of solar terrestrial system involves a variety of aspects. Besides,
we have intentionally mixed theoretical and observational studies.

Papers included in this volume are derived from peer-reviewed publications of
which the first authors are the USTC (University of Science and Technology of China)
graduates. These authors are Jinbin Cao(814), Yao Chen(937), Youqiu Hu(597),
Xinlin Li(774), Xing Li(824), Wei Liu(937), Quanming Lu(907B), Yingjuan Ma
(937>, Chi Wang(857), Yuming Wang(957), Chuanbing Wang(937B), Fengsi Wei
(687), Lidong Xia (857}, Fuliang Xiao(817), Yan Xu(937), Xianghui Xue (987),
Guocheng Zhou(587), and Lie Zhu(777).

We dedicate this volume to the memory of the 50" Anniversary of USTC.

Fengsi Wei
Center for Space Science and Applied Research. Chinese Academy of Sciences
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Introduction

{1] The solar corona is the extended outer atmosphere of the Sun. It has a
temperature of millions of degrees. but it is 10 billion times less dense than the
atmosphere of the Earth at sea level. Due to its high temperature, the solar corona
expands away from the Sun, forming the solar wind. Starting with the beginning of the
space age around 1950, solar and heliospheric dedicated spacecrafts have been launched
that permitted us to conduct quantitative physics modeling of solar and heliospheric
phenomena, supported by numerical simulations using the theories of magneto-
hydrodynamics (MHD) and plasma particle physics. This introduction focuses on the
recent work done by the USTC graduates. which covers the subjects of the modeling of
the solar wind, coronal heating processes, solar activities and space weather effects etc.

(2] Using a one-dimensional two-fluid model with anisotropic proton temperature,
Hu et al. [1997] presented high-speed solar solutions which meet most of the empirical
constraints currently available from in situ measurements in interplanetary space and
very recent remote sensing observations of the inner corona. Included in the model is
the momentum exerted on the flow by Alfvén waves, as well as heating due to their
damping. Furthermore, Hu et al. [1999 ] conducted a numerical study which explores
the nonlinear cascade effect associated with Alfvén waves in the fast solar wind. The set
of one-dimensional, two-fluid equations describing the solar wind and a power spectrum
equation for Alfvén waves, as first proposed by Tu et al. [1984], are solved simul-
taneously in a seclf-consistent manner. The numerical results confirm conclusions
reached by earlier studies, namely, that the Kolmogorov process produces a stronger
cascade effect than the Kraichnan process and seems more relevant for Alfvén waves in
the fast solar wind, at least beyond 0.29 AU. The approach shows that Alfvén waves,
with periods of hours or shorter, undergo an appreciable evolution from the solar
surface to 1 AU, thus implying that their spectrum; hence their total energy flux at the
Sun cannot be readily predicted form that observed in interplanetary space.

[ 3] There are lots of physical processes presented in the solar corona. As for the
coronal heating processes, it became customary to classify coronal heating models into
DC (Direct Current) and AC (Alternating Currenting) types. Plasma heating by ion
cyclotron waves in rapidly expanding flow tubes in the transition region, referred to as
coronal funnels, is investigated in a three-fluid plasma consisting of protons, electrons,
and alpha particles [ Li, 2002]. Ion cyclotron waves are able to heat the plasma from
6x10* to 108K over a distance range of 10*km by directly heating alpha particles.
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Although only alpha particles dissipate the waves, the strong Coulomb coupling between
alpha particles and protons and bctween protons and electrons makes it possible for
protons and electrons to be heated also to more than 108K. By assuming that magnetic
flux tubes are strongly concentrated at the boundaries of supergranule convection cells
and a power law spectrum of high frequency Alfvén waves with a spectral index — 1
originating from the sun to supply all the energy needed to energize the plasma flowing
in such magnetic flux tubes, Li [2003] found that at the high frequency end, the waves
are eroded by ions due to ion cyclotron resonance. The magnetic flux concentration is
essential since it allows a sufficiently strong energy flux to be carried by high frequency
ion cyclotron waves and these waves can be readily released at the coronal base by
cyclotron resonance. Two scenarios of possible ion heating due to finite amplitude
parallel propagating Alfvén waves in the solar atmosphere arc investigated using a 1D
test particle approach [ Li et al., 2007]. It is generally believed that linear wave-
particle resonant interaction between thermal protons and Alfvén waves is ineffective
when the proton beta is low. However, Wang et al. [2006] demonstrated that the ions
can be heated by Alfvén waves via nonresonant nonlinear interaction. Contrary to the
customary expectation, it is found that the lower the plasma beta value, the more
effective is the heating process, and the ion temperature increase is more prominent
along perpendicular direction.

[4] To investigate the possibility of differential flow speeds between ions of the
same element and their roles in the determination of ionic fractions, Chen et al. [2003]
extended the latest minor-ion model to a five-fluid model, describing the behavior of
five species of minor ions of one given element in the fast solar wind. The five species
of minor ions are taken as test particles flowing in a background plasma consisting of
electrons, protons, and alpha particles. It is found that the majority of C and O ions are
frozen-in below 1.2 solar radii, while most Si, Mg, and Fe ions are frozen-in beyond
1.3-1.5 solar radii. Comparing the cases with and without differential flows shows
that even though differential flow speeds between ions of the same element do develop
beyond a certain heliocentric distance (e.g., 1.2 solar radii for Si ions), they cannot
account for the high ion charge states observed in situ. Using recent coordinated UVCS
and LASCO measurements by Strachan and coworkers to constrain the heating
parameters of a one-dimensional single-fluid minor ion model, Chen et al. [2004]
showed that in this slow-wind source region the O*5 outflow speed varies
nonmonotonically with increasing heliocentric distance. There is a local minimum of the
outflow speed near the streamer cusp point (about 3 Solar Radii), which is below the
current observational sensitivity, and that the observed effective temperature in the
perpendicular direction (to the magnetic field) and the outflow speed of the O*5 ions
can be used to put limits on their parallel thermal temperature.
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(5] By directly comparing Doppler shift maps of Ne?* with charts of the

photospheric magnetic field in an equatorial coronal hole, Xia et al. [2003] reported
new observations concerning the source of the fast solar wind. There are both dark and
bright regions in this coronal hole as seen in the Nc VIII line. The larger blue shifts of
the Ne VIII line are associated mainly with the darker region, where the strong
magnetic flux with a single polarity is concentrated. These observational results are in
agreement with the model prediction that the fast solar wind is initially accelerated in
the coronal funnels, which are regions with globally open coronal fields rooted in the
magnetic network. Xia et al. [2005] also studied the dynamic properties of EUV
spicules seen at the solar limb. They found that spicules occur repeatedly at the same
location with a birth rate of around 0.16/min as estimated at 10" above the limb and a
lifetime ranging from 15 down to =<3 min, and be able to see some spicules showing a
process of “falling after rising” indicated by the sudden change of the Doppler velocity
sign. ’
[6] The Sun is the prime source of energy in our system and it is the prime source
of space weather. Liu et al. [2006] presented analyses of the spatial and spectral
evolution of hard X-ray emission observed by RHESSI during the impulsive phase of an
M1.7 flare on 2003 November 13. In general, as expected. the loop top (LT) source
dominates at low energies, while the footpoint (FP) sources dominate the high-energy
emission. At intermediate energies. both the LT and FPs may be seen. Xu et al.
[2008 ] presented the results of a new approach to studying the acceleration and
propagation of bremsstrahlung-producing electrons in solar flares, and found that hard
X-ray images from 10 M-class limb events have the general form of a single extended
source. The propagation and evolution of interstellar disturbance including ICMEs and
shocks has also important impact on the space weather. Using a 2. 5-dimensional, time-
dependent ideal magnetohydrodynamic model in spherical coordinates, Hu et al.
(2003 ] presented a numerical study of the property of magnetostatic equilibria
associated with a coronal magnetic flux rope embedded in an axisymmetrical background
magnetic field. It is shown that the flux rope either sticks to the solar surface so that the
whole magnetic configuration stays in equilibrium or escapes from the top of the
computational domain, leading to the opening of the background ficld. The rope sticks
to the solar surface when the magnetic energy of the system is less than a certain
threshold, and it escapes otherwise. It implies that a catastrophe occurs when the
magnetic energy of the system exceeds the threshold.

[ 7] Magnetic clouds (MCs), as important interplanetary structures, have been
widely investigated. The basic characteristics of the coronal mass output near the Sun are
analyzed with the statistic and numerical methods by using observational data from K
corona brightness, interplanetary scintillation, and photospheric magnetic ficld during the
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descending phases (1983) and the minimum (1984) of solar activity [ Wei et al. , 2003].
Based on a statistical analysis of the boundary physical states of 80 magnetic clouds
reported in the literature from the years 1969 to 2001, Wei et al. [2003] suggested a
new identification of the magnetic cloud boundary by describing it as front and tail
boundary layers (BLs) formed through the interaction between the magnetic cloud and
the ambient medium. By analyzing the observational data of 70 magnetic cloud boundary
layers (BLs) from the three-dimensional (3-D) plasma and energetic particle (3DP) and
50 BLs from the Solar Wind Experiment (SWE) instruments on Wind spacecraft from
February 1995 to June 2003, Wei er al. [ 2006] discovered that the boundary layer of a
magnetic cloud is a new non-pressure-balanced structure different from the jump layer
(i.e. , shocked front) of an interplanetary shock wave. By analyzing 23 magnetic cloud
boundary layers (BLs) in Feb. 1995 - Oct. 1998, Wei et al. [2003] found that the
distribution function of fluctuations in the southward field component inside the boundary
layer, i$ very different from in the background solar wind and inside the cloud, with the
enhancement in the fluctuation amplitude and the variation of the magnitude and
direction of the average field, and in the maximum variance plane (MVP) composed of
the maximum and medium variance directions, the walk of the tips of the magnetic field
vectors in the BL could be classified into two types based on: (a) field vectors vibrate
along a circle arc, which is possibly related with Alfvén fluctuations inside the BL;
(b) field vectors walk randomly in the MVP, which could be correlated with the
turbutence inside the BL. These results suggest that the cloud’s BL. owns the magnetic
structure different from that in the solar wind and cloud body, which is a manifestation for
the interaction of the magnetic cloud (MC) with the solar wind (SW). Wang et al. [2002]
used a simple flux rope model to get the primary magnetic field features of multi-MCs. Their
results indicate that the magnetic field configuration of multi-MCs mainly depends on the
magnetic field characteristics of each member of multi-MCs. It may be entirely different in
another situation. Using the data from the ACE spacecraft, Wang et al. [2003] identified
three cases of Multi-MC in the period from March to April 2001.

[8] In order to recover the magnetic structures of small-scale flux ropes in the solar
wind, Hu and Sonnerup [2001] applied the Grad-Shafranov technique in the Wind
spacecraft data. The cross-sections of two recovered flux ropes show nested non-circular
loops of transverse field lines rather than concentric circles. The expected helical structure
is recovered, albeit with significant distortions from axial symmetry. ‘

(9] Solar wind structures which are the interplanetary counterparts of CMEs at the
Sun are now generally referred to as interplanetary coronal mass ejections (ICMEs).
These ICMEs often trigger geomagnetic storms, affecting the whole solar system. By
using multiple spacecraft data throughout the heliosphere, Wang et al. [2005] identified
and characterized ICMEs from 0. 3 to 5. 4 AU. The occurrence rate of ICME
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approximately follows the solar activity cycle. ICMEs expand as they move outward since
the internal pressure is generally larger than the external pressure. The average radial
width of ICMEs increases with distance. [CMEs expand by a factor of 2.7 in radial width
between 1 and 5 AU. The radial expansion speed of ICMEs decreases with distance and is
of the order of the Alfven speed. The density and magnetic field magnitude decrease
faster in ICMEs, which fall off with distance K. than in the ambient solar wind;
however, the temperature decreases slightly less rapid than in the ambient solar wind.
Using Voyager observations and a multi-fluid solar wind MHD model, Wang and
Richardson [ 2002] showed that the solar wind strcam structures associated with the
April, 2001 solar events observed at Earth have merged in the distant heliosphere into the
single strong interplanetary shock that was subsequently detected by Voyager 2 in October
2001. Their demonstration that large shocks can and do form from this merging
mechanism may have significances tfor the formation of merged interaction regions and
the triggering of the heliospheric radio emission.
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A fast solar wind model with anisotropic
proton temperature

Y. Q. Hu.¥R. Esser, and S. R. Habbal

Harvard-Smithsonian Center for Asirophysics, Cambridge , Massachuselts

[1] We explore the energy requirements for the fast solar wind when the anisotropy in the proton
temperature ts taken into account. Using a one-dimensional, two-fluid model with anisotropic
proton temperature. we present high-speed solar wind solutions which meet most of the empirical
constraints currently available from in situ measurements in interplanetary space and very recent
remote sensing observations of the inner corona. Included in the medel is the momentum exerted
on the flow by Alfvén waves, as well as heating due to their damping. However, to produce
solutions consistent with these empirical constraints, additional heat input to both clectrons and
protons, as well as momentum addition to the protons. are found to be needed. These arc
described by ad hoc functions with adjustable parameters. While classical thermal conduction is
adopted for both electrons and protons in the inner corona in the model computations, the
corresponding heat fluxes in the outer corona are limited to values comparable to current
observations. The fast solar wind solutions thus obtained differ from each other mainly in their
thermal properties within 0.3 AU from the Sun, a region that is still poorly probed by in situ and
remote sensing measurements. To satisfy observational constraints, we find that the inclusion of a
proton temperature anisotropy in the modeling of the solur wind requires that either the protons
be highly anisotropic in the inner corona or that there exist a mechanism, in addition to adiabatic
expansion. to cool them in the direction parallel to the magnetic field. Given these observational
constraints and in the absence of knowledge of an efficient cooling mechanism. our model
computations imply that the maximum temperature of the protons in the parallel direction has to
be limited to 10° K in the corona. Furthermore, because of the strong coupling between electrons
and protons, and between the parallel and perpendicular motions. at the coronal base. the
electron temperature as well as the perpendicular proton temperature cannot be much higher than
10% K there. Although thermal anisotropy of the protons is found to have little influence on the
dynamics of the fast solar wind, its inclusion imposes new requirements on the unknown coronal
heating mechanisms.

1. Introduction

[2] Recent observations of the Lyman « spectral line profiles and intensities in the
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inner corona [ Kohl et al.,1996: Strachan et «l., 1997 ] strongly suggest that the
anisotropy in the proton temperature in the fast solar wind, reported much earlier by
interplanetary measurcments (sce. ¢. g.» review by Marsch [19911), originates in the
inner corona. These recent observations thus place new constraints on solar wind models
in addition to existing limits on the species temperature, flow speed, and density,
¢established from in situ measurements beyond 0.3 AU [e. g., Feldman et al., 1976;
Phillips et al . ,1995]. and from remotc sensing observations in the inner corona [ Fisher
and Guhathakurta, 1995; Grall er al..1996; Kohl et al.. 1996; Strachan et al.,
1997].

{37 Mode! computations involving the treatment of the solar wind as a singte fluid
or multifluid have been instrumental in providing an understanding of the mechanisms
of energy storage and transfer in the solar wind plasma, as described so elegantly in
Parker’s [[1963 ] original work. In the absence of knowledge of these mechanisms,
Alfven waves have been commonly invoked [e. g. . Hollweg and Johnson, 1988]. Ad
hoc parameterizations of heating and momentum addition functions [e. g. . Hartle and
Sturrock , 1968; Metzler et al., 1979; Withbroe .1988; Habbal et al ., 1995; Hansteen
and Leer, 1995; McKenzie et al. . 1995, Esser et al., 19977 have been instrumental in
yiclding a thorough understanding of the behavior of the solar wind [e. g. . Holzer and
Leer ,1980; Leer and Holzer , 1980]. Despite the extent of the parameter space explored
and the increased sophistication, in time. of these approaches, solar wind models still
fall short in providing self-consistent solutions that can match empirical constraints
established from both in situ and rcmote sensing measurements.

[4] The aim of this study is to take into account the additional constraint of proton
temperature anisotropy in the modecling of the fast solar wind, in light of the more
recent observations in the inner corona. Attempts to consider this anisotropy were first
made by Leer and Axford [ 1972, followed more recently by Sandbaek and Leer
[19947]. These studies concentrated primarily on the proton temperature anisotropy
observed at 1 AU, without necessarily fitting other observational constraints. In their
model, Leer and Axford 19727 established the electron temperature a priori, using the
conduction dominated assumption. introduced an ad hoc heating function for the
protons, but neglected their thermal conductivity. Their results were typical of the slow
solar wind. Sandbaek and Leer [1994 ], on the other hand, focused on the role of
Alfvén waves in producing the obscrved proton temperature anisotropy. These authors
included the effects of proton thermal conduction parallel and perpendicular to the
magnetic field. Additional momentum resulted from the presence of Alfvén waves,
while heating was provided by the damping of these waves beyond 7R. Their
parameter study yiclded a range of measurables at 1 AU that was also typical of slow
solar wind conditions.



