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Abstract. This paper concisely summarizes and critically re-  Itis shown that a key role is played in the wave-particle ki-
views recent work by the authors on models of the heating ofnetics by pitch angle diffusion in the wave frame, in associa-
the solar corona by resonance of ions with high-frequencytion with plateau formation in the velocity distribution func-
waves (up to the proton cyclotron frequency). The quasi-tions. Evidence for this is found in the in situ observations
linear theory of pitch angle diffusion is presented in connec-of solar wind protons (from Helios plasma measurements), as
tion with relevant solar wind proton observations. Hybrid well as in recent numerical simulations of heavy ions (such as
fluid-kinetic model equations, which include wave-particle oxygen or iron). The physics of the wave-particle processes
interactions and collisions, are derived. Numerical solutionsis discussed in light of the existing data and the predictions
are discussed, representative of the inner corona and neaof quasi-linear theory (QLT). It should be emphasized again
Sun solar wind. A semi-kinetic model for reduced velocity at the outset of this article that we will mainly provide here a
distributions is presented, yielding kinetic results for heavy summarising review of our own recent work.

ions in the solar corona. It is concluded that a self-consistent

treatment of particle distributions and wave spectra is re-

quired, in order to adequately describe coronal physics and _ . )
to obtain agreement with observations. 2 Evidence for ion-cyclotron-resonance heating

Spectroscopic determination of the widths of extreme ultravi-
olet emission lines, as obtained from measurements made on
1 Introduction SOHO (Solar and Heliospheric Observatory), indicate that
heavy ions in various ionization stages in the corona are
In the recent past intensive efforts were made to explain feavery hot (see, e.g. Kohl et al., 1997; Wilhelm et al., 1998;
tures of observed solar EUV (extreme ultraviolet) emissionCranmer et al., 1999), particularly in the polar coronal holes
lines of heavy ions. The lines provide, through their widths Where electrons are relatively cold. The ion kinetic temper-
(broadenings or equivalent ion temperatures) and shifts (iortures seem to show some ordering with respect to the lo-
drift speeds), diagnostic information on the coronal plasmacal gyro-frequencies (Tu et al., 1998, 1999), indicating that
state. Models and concepts were developed to explain thes#ave-particle processes are important.
observations as a result of ion heating and acceleration by It is well-known that the protons in the high-speed solar
high-frequency waves in coronal funnels and holes. The thewind reveal highly skewed and anisotropic velocity distribu-
ories are based on multi-fluid equations and/or kinetic equation functions (VDFs). In particular, the perpendicular pro-
tions, including the resonance of ions with cyclotron waves.ton temperature, which is larger than the parallel proton tem-
This paper summarizes some of the key model results (obperature, has been interpreted as being caused by cyclotron
tained in various papers by the authors) and addresses kagsonant heating (Marsch et al., 1982). Typically, the heavy
plasma physics issues related to the problem of wave energipns in fast wind move faster and have higher temperatures
absorption and transport, as well as the evolution of the disthan the protons, another signature of wave-particle interac-
tribution functions of the particles and spectra of the wavestions. For reviews of these solar wind phenomena, see, e.g.
The basic equations are compiled and numerical results ar®larsch (1991) concerning the early in situ measurements
compared with in situ and remote-sensing observations.  made in the ecliptic plane by Helios, and von Steiger et al.
(1995), with respect to more recent observations by Ulysses
Correspondence tdz. Marsch (marsch@linmpi.mpg.de) out of the ecliptic. The minor ions can be considered as test
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particles, which probe waves and turbulence and act as trac- Here we have also introduced th@rder resonance speed

ers of the wave effects. and the Bessel functions (with index
wp(K) — s kivg
. e : Vik,s) = ————, Jy=J; . 5
3 Pitch angle diffusion of solar wind protons i s) ky =0 Q; ) ®)
3.1 Quasi-linear diffusion theory The circular components of the wave polarization vector are
+ _ .
To explain the detailed kinetics of ion VDFs, the Boltzmann ¢u (K) = eax (K) £ eary (k) . ©6)

equation, combined with quasi-linear wave theory (see, €.9. The various symbols used above are: the speed of light is
Stix, 1992), for wave-particle interactions should be used injenoted by, the ion charge by, its charge number by ;
models. If the relative wave amplitudes are sufficiently small 4o iy byn,~ and mass byn ._'/ The plasma frequencf,' of
and the spectra broad in Fourier space, which is the case igpeciesj is é)’z = (4re®n ,)/njq .. The ion gyro-frequency.
the solar wind kinetic regime, QLT is adequate to describecarying the sjign of the cjharg]e reads = (¢jBo)/(mc). ’
the wave-particle couplings and the evolution of the parti- o fractional mass density of specigss defined ag; =

cle VDFs, as well as of the wave energy spectrum densitie%imj/p with p = 3", ngm. We will make use of the rela-
(ESDs). tion 5; Q% = w?V2/c?, where the Alfien speed is based on

The quasi-linear diffusion equation describes the evolution . i 5
of the velocity distribution functionf; (v, vy, ), of any the total mass density and defmed‘bﬁl_ By/(47p). Thus,

particle specieg, for example, in the solar inertial frame ]E?: T:;’(r:na;%qE[Jheen?ﬁétfg:a?%e;(spsre(f::gtthr(;uggct:: esg)e/::ci)és
of reference, in which the particles and waves are suppose tEu?therm):)re we define the paralldl: andy or endicuplar '
propagate. Throughout, we will assume that the VDF is nor‘temperaturef and the corfespon‘a”i’ng theﬁmgl speeds b
malized to a density of unity. The general diffusion equationthe relations:/Vlz' — kgTiy/m;, V2, = kgT: 1 /m:, where y
for any type of wave, propagating obliquely to the field in q 5 ft” — "Bl Jt' ./'tL = BBALIT

a magnetized plasma, has originally been derived by Kenne]fB enotes Boltzmann's constant.

and Engelmann (1966). It is calculated in a transparent way 5 p typical fast solar wind proton distribution
in the textbook of Stix (1992) and, after Marsch (2002), can

be written as Helios measurements yielded 3-dimensional proton velocity

P o 9 too o distributions (Marsch, 1991), which provide a unique oppor-

Efj(vu, vy, 1) = Z Z W/ d’k By (k) tunity to test the idea of quasi-linear pitch angle diffusion.
—00

M s=—00 We present in Fig. 1 one example of a measured VDF, rep-

resented as cuts in thg — v, —plane and compare the data

with the prediction for plateau formation. Only the innermost

. L . contours above the 10% level of the maximum are shown

where the pitch angle gradient in the wave frame was intro- . . .

duced. It is given by the velocity derivative here. The corrgs_pondlng plasma parameters are given in Ta-

ble 1 of the original paper of Marsch and Tu (2001b). The

a 0 wm (K) 0 5 horizontal axis gives, and the verticab, . The left-hand

dor ULB_UH - (vl - ky ) duy (2) axis points in the Sun'’s direction.

The wave dispersion is accounted for in a simplified way,
without using the full self-consistent dispersion relation. An
empirical instead of theoretical/,, = wy(K)/k, phase
speed is fitted to the data, thus, obtaining values equal to or
. o somewhat less than the measuked The black dot marked
density. We define: by number 1 corresponds to the fitted wave phase speed,
BM(k))2 ky 2 1 3) which was estimated to b€,, = 0.8V4. The factor 0.8

Bo ( k' 1— | k-eyk) |2 is assumed to simulate the dispersion of cyclotron waves and

) ] represents the decrease in the phase speed with increasing
The symbols us_ed areby (k) is the frequenc_y of alinear \yave number. We find empirically that,, = 147 kmis.
wave modeM, k is the wave vector, anely (k) is the wave  The |arge dashed arc plotted on the left-hand side of the con-
polarization vector (Melrose and McPhedran, 1991). They s is a segment of the circle centered in point 1. The ra-
term in the denominator comes from the replacement of theyj s is given by the particle’s speed, in the wave frame:

electric field ESD by the magnetic field ESD. It turns out
to be physically meaningful to introduce the ion-wave relax-

1 0 0
X — — <v¢ Vj(k»s§vl|,vj_)£fj(vllaUJ.J)) . (D)

v do

Note that the well-known, quasi-linear plateau in the VDF
implies a vanishing pitch angle gradient, iig¢da = 0.

The magnetic field fluctuation spectru,, (k), is nor-
malized to the background-field (indicated By) energy

By k) = (

w = \/(v” — Vpn)2 + v2. Note that a pitch angle in the wave

ation or collision rate defined as frame is given by the angle formed by the horizontal axis and
the line connecting the full black dot with any point on the
Vj(k,S;UH,vJ_)Zﬂgi 5(a)M(k)—SQj—kHUH) arc.
1 N B Vi, s) 5 We see in Fig. 1 that the outer two arcs almost coin-
x| 5Usaey + Jsraey) + Jsemz I . (4 cide with the two contours corresponding to fractions of
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further motivation to study the interaction between the ions
and Alfvén or oblique ion-cyclotron waves in coronal holes.
Generally, plasma waves are dispersive, and there is no pre-
ferred reference frame, since the phase spggdaries with
the wave vector. However, if the waves are weakly disper-
sive, of a broad band nature and strong enough in intensity,
the net result of simultaneous diffusion in closely neighbour-
21 v ing wave frames will be the formation of circle-type contours
80| 120 160 [krl]lq/sl in velocity space, corresponding to roughly-constant energy
surfaces, on which the pitch angle gradient very nearly van-
ishs. QLT has also recently been applied by Isenberg et al.
(2001) and Galinsky and Shevchenko (2000) to model solar
wind VDFs by invoking the existence of a plateau.

4 Wave heating and acceleration rates

o
V. (kmy/s) The heating and acceleration rates are obtained by a direct
integration over velocity space, as moments of the quasi-
linear diffusion Eq. (1). By evaluating the delta-function res-

Fig. 1. Comparison of measured proton velocity distributions with gnances explicitly, the corresponding rates may be cast (after
the theoretical resonance plateaus, as predicted by QLT. The hotfy5rsch and Tu 2001a) in the compact form:

izontal axis givesy; and the verticab, . The four contours cor-
respond to fractions of 0.8, 0.6, 0.4, 0.2 of the maximum of the ,

VDF. The thick dotted lines on the left-hand sides are the circular ?Uf 1 +oo N Q:
o : Ly | = d3kBy (k) (=-L)?
arcs delineating the plateau, whereby the respective centers of thg¢ 5/ "j| | = Z (27)3 m (K)( A )
circles are marked on thg axis by dots (with the same numbers at- f—t Vji M o I
tached to the contours). The dots indicate the location,gf The i
coalignment of the measured contours with the circles of constant = I
particle energy is striking (Marsch and Tu, 2001b). x Z Rjk, s) | 2ky(Vik,s) = Uj) | . )
§=—00 SQj

_ ) Equation (7) expresses the rates in terms of an integral
0.2 and 0.4 of the maximum phase space density, respeGyer the normalized magnetic ESD and sums over the mode
tively. Over a wide range of about 70n pitch angle,  nymber, M, and resonance-order number,and the func-
the particles, with the tips of their velocity vectors located jg, R (k, 5), which also depends on the wave vedtand,

on the contour, have the same kinetic energy in the wavey course, on the VDF, and is obtained from the following
frame. This is just the cyclotron-resonance plateau as pregefinition:

dicted by QLT. To meet the contour at 0.6 of the maximum
of the VDF, we need to shift slightly the center of the cir- Y o 2 kpviK,s) [ df;
cle to the point numbered 2, corresponding to a velocity of i K. 9) = [00 dv) 0 dvivy o2 ) @
0.73V4 = 135km/s. This arc coincides again with the mea- !

sured contour, within an interval aboutAbide in pitch an-  Thijs corresponds to an averaged relaxation rate weighted by
gle in the wave frame. Particles with speeds correspondinghe pitch angle gradient at the resonance. As in parallel prop-
to this contour have a smallef and thus, are resonant with a agation;R ; for oblique wave propagation can be entirely ex-
higher wave number. The resonant condition can be writterpressed in terms of the reduced VDFs (see Marsch, 2002),
asiw (k) — kjvj — 2, = 0. Sincew (k) is less than the cy-  if in the ratev;, the dependence an, is smoothed out by
clotron frequencys2,, and sincek) is positive, the outward  replacing this variable by its typical thermal valug, . Note
propagating waves can only resonate with particles having ahat the quantityR ; plays the role of a “wave opacity”, us-
negativev|. Particles with greater negativg will be reso-  ing a term from radiative transfer theory. At a given wave
nant with waves at large; or shorter wavelength. For the vector, the wave absorption vanishes where the pitch angle
innermost isodensity contour at 0.8 of the maximum, therep|ateau is formed. Exp|icit expressions mg-, for examp|e,
is only a 15 wide range of pitch angles where the measuredsor a bi-Maxwellian, are given in the paper of Marsch and Tu
contour coincides with the arc of constamt (2001a). Of course, the rates in Eq. (7) can only be evalu-
These observations confirm the validity of the basic con-ated once the VDF; (v, v.), of all particle species and the
cepts of QLT, and suggest a further application of QLT to ESD, Z’S’M(k”, k1), of all wave modes involved are known.
understand the acceleration and heating of ions in the coron@his complexity is an unavoidable feature of kinetic theory
and wind. The results also stimulated new ideas and gavas compared with fluid theory.
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5 Models for coronal ions and (13), sometimes complemented by Coulomb collision
_ o _ terms, or similar equations, have been integrated numerically
5.1 Hybrid fluid-kinetic model equations in various models (Marsch et al., 1982; Isenberg and Holl-

weg , 1983; Marsch, 1999; Cranmer et al., 1999; Li et al.,

In what follows we consider multi-ion fluid models. Marsch 1999: Hy et al.. 2000° Tu and Marsch. 2001a: Cranmer. 2000
et al. (1982) and Tu and Marsch (2001a) have given detaile@om)_

descriptions of the multi-fluid equations, which are supple-
mented by the wave heating and acceleration termsin Eq. (752 Hybrid model for solar wind ions
describing the wave-particle interactions at the cyclotron res-

onance. The continuity equation for any spegies: This section presents some of the numerical results (Marsch,

1999) which have been obtained by integrating the hybrid
njUjA=Cj, (9) model e . .

quations for spherical geometry of the outer corona

whereC; indicates the conserved particle (number) flux of @nd solar wind, following the early work by Marsch et al.
the ion species. The symbolA(r) is the cross sectional (1982). We show numerical solutions, obtained by plac-
area of the magnetic flux tube. For simplicity, we only quote ing boundary conditions at 20:R for the different moments
equations for a one-dimensional model in space where th®f O°" and protons. The VDFs are characterized as drift-
dependence is on the spatial coordinatiee. radial distance  ing bi-Maxwellians in the ion reference frames. Here we
from the Sun, or height in the atmosphere. The momentunflid not attempt to integrate through the region of the sonic

equation including anisotropic ion pressure can be written: Ccfitical point, but simply started in the near-Sun solar wind.
Spectra of broad band LHP and RHP parallel waves were

}iUz _ _i i(n.v_z) _ l d_A( 2 _y2) injected at 20R. The abundanceo/n, was taken as
2 dr 7 njdr I A dr J+ 0.001. The two-ion plasma was initially assumed to be in
Z; d (R thermal equilibrium, with; = 0, T; = TjL = Ty at
T E(”ekBTe) —2 T4t EUj (10) 7 = 20, wherez = R/R, denotes the normalized heliocen-

tric distance. The injected wave spectra3is, with power
where we have introduced the escape velocity from the Suntaws in frequency for both degrees of polarization, and with
Voo = 615km/s. The acceleratiora,}”, relates to a wave BE = Bg (w/2p)~* and a spectral index = 1.5. In the
force associated with low-frequency MHD-type waves, suchmodels, tﬁe spectral index used may vary betweenl and

as Alfvén waves which, as is well-known, exert a force « = 2, or frequently, the Kolmogorov value, = 5/3, has
through their wave-pressure gradient. The wave acceleratiobeen used. For the solar wind observations, see the review
(see, e.g. McKenzie, 1994) for our one-dimensional modelby Tu and Marsch (1995) for a comprehensive discussion of

can be written as follows: the observed spectral slopes.
Figure 2 shows ion thermal speeds and the relative speed
aj = - E( v ) [(U+VA) —Uj] , (11) of O° ions, AUp = Uo — U,, in units of V4 (Mach
A

numbers) versus distance from the Sun. The proton relative
whereU = Y, p;U; is the plasma’s center-of-mass ve- speedAU,, is not shown here because it is negligibly small
locity. The electrons enter the momentum equation (with-due to the very low heavy ion abundance, which means that
out collisions) only through the electric field produced by the protons determine the center-of-mass spéed,Note
their pressure gradient. Since quasi-neutrality requires that the initial phase is characterized by strong cooling of
3", Zin;, where the sum extends over all ions, one only needgrotons parallel and heating of oxygen ions perpendicular
to know the electron temperature profile. In most kinetic ion to the magnetic field, accompanied by a marked preferen-
models, 7, (r) is assumed to be given or simply calculated tial acceleration of &". After a few hundred wavelengths,
from electron heat conduction. For the actual model profilesia = Va/,, the proton-wave interaction saturates at an
see the subsequent detailed discussions. The internal energisotropy of about’,, /T, =~ 1.4, in accord with obser-
equations, or here, the rate-of-change equations for the ioations in fast wind at 0.3 AU (Marsch, 1991). The oxygen

thermal speeds, then take the form: ions also show the typical signature of cyclotron heating with

To1/To| =~ 2.0. From about = 21 onward, the LHP wave
}i 2 _ _y2 (i de) iﬁ 2 (12) particle interaction becomes weaker than it was initially, and
2dr /I Mu; dr U; st dl” the changes become slower.

Inspection of Fig. 2 shows that between= 23 and
d , (1 dA 16 , z = 241 a new situation appears. Thé&*Qons now move
2 L= Vi A ar Ui st it (13) increasingly into resonance with the, as yet, undamped RHP
J

waves. This resonant interaction leads to a strong accelera-
where the wave-particle interaction terms appear as sourceon, pronounced perpendicular cooling and parallel heating.
(heating by wave absorption) or sinks (cooling by wave emis-Finally, the anisotropy is even reversed wity, / To; =~ 0.9,

sion) on the right-hand sides. Without these terms, theand the & ions are trapped at about the Adiv speed,
double-adiabatic equations result. Equations (9), (10), (12)which represents a limiting value f&xUg. In contrast, the
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1.2 the details may be quantitatively incorrect. What is revealed,
JREREES e however, is that self-consistency is also crucial in describ-
: ing the radial evolution of the wave ESD, because the wave

1.0 |- AV =11V damping or excitation leads to a reshaping of the original
L Mo- MK": op T A injected wave spectrum or even a complete erosion of the
: wave power. Such processes must be included in any realis-
0.8 Mg=M,= : .
P : tic model.

— TOL/TOII =09

0.6 5.3 Hybrid fluid-kinetic model for coronal ions

It has been suggested (Axford and McKenzie, 1997) that
magnetic reconnections occurring in the chromospheric net-
work at small-scales may create high-frequency aifv
waves, and that these waves represent the main energy source

043~

00250'2 for the heating of the solar corona. Following this idea,
' Tu and Marsch (1997) assumed a wave spectrum in the fre-
0.0 quency range from 10 to 200 Hz at the coronal base. The

20 part of the energy spectrum that is swept by the proton fre-

quency while the wind expands is assumed to be the ion

thermal energy source in a two-fluid solar wind model. To

_ i produce high-speed wind, the spectrum needs be as high

Fig. 2. Hydrogen and oxygen ion thermal speeds squared and OXYas 106 nEHz-! at about 200 Hz (see their model 1). No

gen relative speed U normalized to the local Alfén speed (vir- . . . .
physical mechanism or observation has yet been presented in

tually equal toMo — M) are shown versus heliocentric distance . .
in units of solar radii. The initial values\Uo = AU, = 0 and support of this assumption. However, the model results are

To = T}, correspond to thermal equilibrium. Note the strong pro- found to be consistent with the proton velocity and the ef-
ton cooling parallel to the magnetic field (lower broken curve delin- fective temperature observed by UVCS/SOHO (Kohl et al.,
eates (/p”/VA)Z)_ Oxygen ions are accelerated by RHP waves up 1998). Given that these waves exist, they should be ab-
to aboutAUg ~ V, (dotted line). Their temperatures (continuous sorbed preferentially by the minor heavy ions with low gyro-
lines) finally = 24 — 25) show the typical signature of fast-mode frequencies, and thus, it is unclear whether there is actually
wave heating with the anisotrop¥p > To, (Marsch, 1999). enough wave energy left over in the extended corona for

the heating and acceleration of the major solar wind ions,

protons and alpha particles, after the multiple absorption by
protons are not significantly affected by the fast waves, butmany heavy ions (Cranmer, 2000). Here some selected re-
still maintain the signature of the initial perpendicular heat- syits of a hybrid kinetic-fluid model (Tu and Marsch, 2001a,
ing. Qualitatively, these results resemble previous calcula2001b) for the heavy ions are discussed in the context of re-
tions for Het (Marsch et al., 1982). cent SOHO observations.

Apparently, G is preferentially heated with respect to  The hybrid multi-fluid model includes the self-consistent
the protons. The initial values/?, = V7 = 04VZand  treatment of the damping of the waves, as well as the asso-
Vgn = VéL = 0.025V§, correspond to equal temperatures ciated acceleration and heating of the ions. Tu and Marsch
atz = 20. After the wave-particle interaction has saturated,(2001b) showed that if the wave power density is sufficiently
the parallel thermal speeds are about equal at 235, in large, say about 1000 ARz~1 at 160 Hz and 5B R, then
good agreement with the observations at 1 AU (von Steigetthe wave absorption by a prominent minor ion, such 48,0
etal., 1995). Unfortunately, no in situ observations exist con-is small, and most of the wave energy is left for absorption
cerning the temperature anisotropy of heavy ions. by protons. This is due to the fact that the minor ions are

The inhomogeneity of the expanding wind (note tWat quickly (within several gyro-periods) accelerated and then
and, decrease with increasing solar distance) has the efpartially “surf” on the waves. However, if the wave power is
fect that the fastest heavy ions in the tails of the distributiontoo low, say lower than 10#Hz~! at 160Hz and B R,
move into increasingly stronger resonance with RHP mag-then damping of the wave power by the ®ions is severe,
netosonic waves. These waves further accelerate the oxygeand little wave energy is finally left over for the protons.
ions until their differential speed is about,. However, as Tu and Marsch (2001a) presented several models aimed at
will be shown in the kinetic model below, there is a problem. explaining the high thermal anisotropy of ®ions observed
The assumed rigidity of the VDF may lead to a gross overesby Kohl et al. (1997). In those models calculations (Tu and
timation of the wave effects, because the resonance functiorMarsch, 2001a), making the assumption of a rigid spectral
Rj(k,s), depends sensitively on the shape of the VDF andslope in the dissipation regime, in which case particles can
should be calculated directly. always find waves with suitable resonance frequencies, even

In conclusion, some basic qualitative features of the wave-an extremely low wave amplitude is sufficient to generate
particle interactions are captured by this hybrid model, yetenormous ion heating and acceleration. However, no mech-

Heliocentric Distance /Rg
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Fig. 3. Comparison of the numerical results UVCS observations. (left) Model results for the radial variations of the outflow velocities of
O™ ions (solid curve) and protons (dash-dotted curve). The observations are indicated by the upper shaded Béarfe@d lower for

HO atoms; (middle) The thermal velocities fort®ions, including the model results for the effective perpendicular velocity (solid curve),
perpendicular thermal speed (dashed curve), and parallel thermal speed (dash-dotted curve). The observed perpendicular effective velocit
is shown by the upper shaded area (Cranmer et al., 1999), and the observed parallel thermal speed is shown by the lower shaded area. (righ
The model results for the protons: effective perpendicular velocity (solid curve), perpendicular thermal speed (dashed curve), and parallel
thermal speed (dash-dotted curve). The observed perpendicular effective thermal velocity fatoens!is indicated by the shaded area.

The parallel thermal velocity of Y assuming that the parallel temperature equals the observed electron temperature, is plotted as a thin
dash-dotted curve (Tu and Marsch, 2001a).

anism is known that would guarantee an invariant slope. Ifresemble the real situation in the corona, the effects of the
the spectrum is allowed to evolve self-consistently, includingalpha particles on the dispersion relations are included.
wave absorption, then a high temperature anisotropy cannot

be maintained. The average ion anisotropy at marginal sta—_The ra?:al evolutpnl of thle fluid farameters IIS sh?wn n
bility in the corona then ranges only between 1 and 2. Fig. 3. The numerical results are found to be largely con-

Here it is shown how the © ions can become acceler- sistent with the UVCS observations, except iy, which

ated and heated, while the protons can at the same time alS?p'dly increases from 50 to 130 km/s a6 R, and then in-

sorb a considerable amount of wave energy, if the spectrurr\(\;vr easles more d?lz\:1V|¥ ;one],zo l::qiﬁ'at: ::V5 R@'f ﬁ;[h’:h: Zn%
is allowed to evolve self-consistently with resonant wave ab—ve a_sglset(_a fh tcth]u OE S l:? cub “e S0 tivel L g h
sorption. To achieve this result, a LHP ion-cyclotron wave " ©I» 'Ndlcating that the 15 1ons absorb “negatively (dash-

magnetic ESD of 300 rfTHz~ at 100 Hz and a solar dis- dot_tted curve) neafthz Z'S_ﬁ?’ which is 1o S?ﬁ/ that t::e;:c
tance of 2.5 R is required. For simplicity, we take isotropic emit wave energy there. €S€ jumps are the resuft of an

protons. The oxygen ions are represented by a drifting bi_instability driven by the huge initial temperature anisotropy,

. - with a ratio of 80, which was assumed at the lower bound-
Maxwellian. The proton number density,, atr = 2.5 . . P .
is f\ivz Ildgcm,g F\)/vhich giL\J/es an A|f‘éf1ypVE|02ity atng ary in compliance with the UVCS observations of oxygen.
25Ry of V4 = ,2000 km/s. The numerical solution shows The anisotropy jumps at@R,, from 80 1o 4 and then slowly
tHat v, decreases to 1500 km/s and that decreases to decreases further to the moderate value of 1.2. Such a be-

3 10fcm3 atr = 3.5R,. The proton cyclotron frequency, haviour of the anisotropy is consistent with earlier calcula-

£, decreases from 460 to 180 Hz. The wave boundary Con;ions made for interplanetary solar wind ions by Marsch et
pr .

ditions atr = 2.5Ry are as follows: The spectral slope is ?k:. (tg\/Sé)Sand the resulti arltz shhlovi[/n Im ';;39972 ﬁ]ccort()jlng tod
assumed to be = 2 (which gives comparatively low power € measurements (Kohl et al., ), the observe

at high frequencies); the ratio between the power density at'PP€" limit for Vo at 3.0Ry is 60km/s, whileVo e is

the oxygen resonance frequency and the background ma@bom 300km/s. The effective thermal speed is defined as
netic energy density is thefi,+s P (f+s)/B%> = 2 107°. Vol.eff = \/2V5¢ + (< 8V >)2. As aresult, the observed
The low-frequency wave amplitude (in the MHD regime) is anisotropy is about 25, which cannot be explained by the hy-
(< 8B > /B)? = 3.6 103. To make the model description brid fluid-kinetic model calculations.
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In summary, the hybrid-model results do not permit one The transport coefficientsD;(v)), A;(vy), and H;(v))
to draw convincing conclusions. The observations are notare given in the papers of Marsch (1998), Marsch and Tu
explained satisfactorily. The essential weak point of this(2001a). Their evaluation involves integrations over the wave
model (as indeed, of all the other models with similar ingre- ESD and the resonant relaxation rate, which, for oblique
dients) is the assumption of bi-Maxwellian VDFs for pro- wave propagation, may be approximated by taking it at the
tons and various minor ions. However, the in situ obser-typical speedp; = V., as suggested by Marsch (2002).
vations (Marsch, 1991) give skewed, two-component pro-Only then can one meaningfully use the reduced VDFs. We
tons with large core temperature anisotropy (see Fig. 1), butefer to the cited works for the mathematics involved and the
with a Maxwellian distribution inv; (Marsch and Goldstein, algebraic details.
1983). From the EUV observations made by SOHO (Tu et To break the chain of higher-order moments appearing in
al., 1998), one usually observes line shapes that are primathe original diffusion equation, we make the Gaussian ap-
ily Gaussian, and thus, one may infer the coronal heavy iorproximation (Marsch, 1998)
VDFs to be Maxwellians. In the subsequent section, new at-

4
tempts to overcome the shortcomings of the hybrid model ar /OO Vi, ~ V2 F.
described. %n 5 dvyvy—=fii,vp) ~ 2Vi, Fji(vy) (18)

5.4 Semi-kinetic Boltzmann model which would be exact for a bi-Maxwellian. Of course, this
does not imply thaf; | is Gaussian itself. Empirical moti-
The starting point for a kinetic model is the well-known Vvation for the factorization of Eq. (18) stems from the solar
Boltzmann equation for the distribution functiofi(v, x, 1), wind in situ observation, yielding that at any parallel speed
which depends on time, velocity, v, and position vecto. the protons’ perpendicular speeds are distributed as Gaussian
Including wave-particle interactions and Coulomb collisions, (Marsch and Goldstein, 1983), despite the fact that the VDFs

the Boltzmann equation attains the form: can be skewed, and that there may be proton beams (Marsch,
of af f 1991) drifting along the mean field. Thus, the second diffu-
m + V- Ix + (g + —(E 4V x B)) v sion equation reads:

Sf 5f 1) 0
whereB is the magnetid: is the electric, and is the gravita- _3A '(U”)—Fjj_(l)”)

tional field. In a multi-component plasma, such a Boltzmann
equation has to be used for each particle species considered.
Since these equations depend on three spatial and three ve-
locity coordinates, the numerical effort in solving them is
considerable and, therefore, simplifications are often made. The price to be payed for closure is that the evolution equa-
In the solar corona, all characteristic time scales are smalfion for £, is now an integro-differential equation, since
compared to the ion gyro-periods. Thus, it is reasonable téhe squared perpendicular thermal speed is defined by the
assume gyrotropy. This reduces the number of velocity codirst parallel moment of’; ;. In a multi-component plasma,
ordinates from three to twaz —> (v, v, ). Furthermore, it ~ the dependence obi; is also essential, since it cannot be
has been shown by Marsch (1998) and Vocks (2001a) that ifemoved by going into the plasma (center-of-mass) frame.
is meaningful to reduce the VDFs even further by integrationStationary solutions of Egs. (17) and (19) are obtained if the
overv, . This procedure yields (after Dum et al., 1980) two Gaussian condition,

relevant reduced velocity distributions which are defined as
follows: Fii(vp) =V Fjjvp), (20)

2F/J_(UH) A j + Hijp) Fjy(vy) - (19)

(15) is strictly fulfilled. Using the reduced VDFs, one can con-
struct a gyrotropic, 2-D model VDF by introducing the ef-
fective perpendicular thermal speed defined by:

oo 2
FjJ_("UH):ZTL’/ va_vJ_%fj(vJ_,v”). (16) w2 () = Fii(v))
° T Fep

The evolution equations for these reduced VDFs are ob-
tained by taking the corresponding moments of the Boltz-which leads in consistency with the Gaussian approximation
mann equation. The wave-particle operator is derived fromto the model VDF

o0
Fj)(vy) :2;1/0 dvivy fi(vi, v,

(21)

the basic Eq. (1) and gives a diffusion term: 2
3 fitvg,v) = 1 eXp(— =gt ). (22)
Ejj(vp) = o ——Dj (vu) Fji(vy) 2nW?2, (v)) 2W?Z, (v))

Y|
A (o) F 17 In the subsequent section, we show an example of this model
9y V| ( i@ f”(v”)) a7 distribution constructed from the numerical solutions of the
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kinetic equations. Finally, we quote the reduced BoltzmannwhereU = Zj p;U; is the plasma’s center-of-mass veloc-
equations (Mocks and Marsch, 2001a), which attain the formity. The symbolA(r) is the cross sectional area of the mag-
netic flux tube. The right-hand side represents the wave ab-

o F oF dF) 1 0A . . L ; .
gy V| gy (iE” — g(r)) Sy = @) sorption by the particles, which is obtained by summation of
ot or m du 24 or the contributions of all species from Eq. (7), and states total
JdF S F S F i i i :
><2< 8; . Fl) _ 5_t” . <3_z”) . (23  energy conservation, implying that:
I Coul. _/dw(SB(a)) _ Z ,0_]/ dv| [v%m +28FjLi| . (26)
0FL  OFL (q o )) IFL 1 9A(r) o1 72 1 ot
— ’U — R ] r —
ot ar m 178 dvy  2A or The loss due to wave-particle interactions of total wave en-
OF, SF| SF| ergy equals the gain of the summed ion kinetic energy. In this
x4 v == 4y FL)=— - (24) i
jL 1L equation, no spectral transport of wave energy, for example,
v ot 8t ) coul.

by a turbulent cascade, is considered. Such a term can be
As before, the symbali(r) denotes the cross sectional area gdded on the right-hand side.

of the magnetic flux tube. The Coulomb collision terms are

not quoted here explicitly. To calculate them for the reduced5.6 Semi-kinetic model results for coronal ions

distribution functions is a tedious task, algebraically as well

as numerically. This procedure is described in detail in VocksIn & series of papers (Vocks, 2001a, 2002b), (Vocks and
(2001a, 2002b). The wave terms have already been giveMarsch, 2001a, 2002b), semi-kinetic (reduced Boltzmann

before in Egs. (17) and (19). equation) models have been constructed to describe the sub-
tle kinetic effects of wave-particle interactions in coronal
5.5 Wave spectral transfer funnels and holes. Some of the relevant equations have been

o quoted in the previous section. In the simulation results

The diffusion Egs. (23) and (24) form a closed set. However,ohtained by solving the equations numerically, it is found
Fo describe the wave-particle mteraptmns self-consistently, ]tthat heavy ions are heated preferentially and that consider-
is necessary to calculate the evolution of the wave ESD. Thigple temperature anisotropies form, the results of which are
requires a transport or spectral transfer equation, the derivan accord with SOHO observations. The reduced VDFs of
tion of which is a subtle task, in particular for amedium such the heavy ions deviate strongly from a Maxwellian, an ef-
as the supersonic solar wind, in which the Doppler shiftsfect which increases with height due to the decrease in the
induced by the flow produce important effects. They havedensity, and thus, a decline in the efficiency of Coulomb col-
been discussed in detail by Tu and Marsch (2001a). A robusfisijons.
theory for wave spectral transfer does not exist for the solar The model plasma discussed here consists of protons,
corona, although the problem has been dealt with generallyje?+ and G+, considered as a typical minor ion represen-
in the book by Melrose and McPhedran (1991), using univer+ating the cumulative effect of all heavy ions. At the lower
sal concepts of wave propagation in nonuniform dispersiveooundary, the densitiesy, = 0.1N, andNo = 0.001N,
media. . are given. lonization dynamics is not accounted for in the

In particluar, the replenishment of the absorbed wavemodel. The computational domain extends from the tran-
power by a turbulent cascade in the kinetic regime is not un-ition region over B R, into the lower corona. The re-
derstood. For an accurate description of the energy cascadgults show that in the transition region, the temperatures of
the effects of anisotropy of the fluctuation spectrum, as exprotons and H&" rapidly increase to coronal values, but
pected in the low-beta corona and of oblique wave propagathen stay fairly constant. Their temperatures do not develop
tion in a turbulent subsonic ﬂOW, should also be ConSideredanisotropy’ but the oxygen ions show a different behaviour.
Nonlocal wave interactions in wave number space, such aghe profile ofTy is very similar to the temperatures of the
wave nonlinear decay and modulation, or instabilities assotighter ions, butTy | is strongly enhanced. It has a local
ciated with kinetic Alfien waves, may also play a major role maximum near the lower bound, and it rises continuously to
in the turbulent energy transfer. For a recent discussion, se@ery high values of the order of 1& in the corona. Thus,
the work of Legmon et al.' (1998, 2000) and \oitenko e.t al. a strong anisotropy witllp | > TOH is formed. This pre-
(2001). These important issues cannot be addressed in thigred heating of the heavy ions and concurrent formation of
paper. A possible transport equation for the wave spectral eng temperature anisotropy is consistent with the SOHO obser-
ergy has been given, for example, by Tu and Marsch (1997)ations (Kohl et al., 1997).
and Vocks and Marsch (2001a). This equation is formulated The advantage of the semi-kinetic model is that it enables a
here for the magnetic ESIE(w), in terms of the wave fre-  more detailed investigation in terms of the underlying VDFs
quencyw, as a variable instead of the wave vectorlt can,  than is possible in fluid or hybrid models (Cranmer, 2000).
for instance in the case of Alen waves, be written (we omit  For this purposeF; (v) and F| (v)) of the three ion species

the wave mode index) as follows: are plotted at a height of = 1.44 R, in Fig. 4. For protons
9B 1 9 B 9AU SB and Hé* ions, hardly any deviations from a Maxwellian can
5 T g, AVa+t B+~ ——=—. (25)  be seen. For the O ions, Fj is also Maxwellian, butF
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Fig. 4. Reduced VDFsF| (upper panel) and”; (middle panel), of protons (upper lines), ?—Te(middle lines) and &t (bottom lines) at
1.44 Ry. Also shown are the equivalent Maxwellian VDFs (dotted lines). The lower panel displays the generalized temperature anisotropy
of O°* (Vocks and Marsch, 2001a).

deviates distinctly from a Maxwellian. Itis enhanced ofgr  flux tube under consideration increases with height, the mag-
for all speeds, with the enhancement being largest at negativeetic field strength decreases, and so do the gyro-frequencies.
speeds in the strong cyclotron-resonance regime. For example, the local proton gyro-frequency at 1.44 R,
From the definition of Eq. (21), it follows that the ra- has a value equivalent ta@2<2, at the lower bound of the
tio of the two reduced VDFs can be interpreted as a localcomputational domain. Therefore, the frequency of a wave
temperature anisotropy. Therefore, a “generalized temperathat enters the simulation box at the lower bound will, during
ture anisotropy” functionA(vy), may be meaningfully de- upward propagation, increase relative to the local ion gyro-
fined as: frequency. At a certain height, the wave will come into res-
2 onance first with the ions having the lowest local resonance
Wi ow f This is th f the “f ing”
—=—. 27) requency. This is the essence of the “frequency sweeping
Vi mechanism discussed by Tu and Marsch (1997). At a cer-
tain height, all waves with frequencies above the lowest ion
gyro-frequency will have suffered some damping.

T,

A(v”) = TH

(v) =

For a bi-Maxwellian,A (v)) is speed independent and iden-
tical with the overall constant temperature anisotropy. The
anisotropy is plotted in the third panel of Fig. 4. Where the Recall that the reduced gyrotropic VDR, | , were in-
strongest enhancement Bf for negative speeds occurs, the troduced to simplify the complexity of the kinetic model.
anisotropy has its highest values, ranging from about 8 to 10But there is a loss of physical information about the origi-
and the perpendicular heating and anisotropy become clearlgal f(v), namely on its velocity component perpendicular to
apparent in the reduced VDFs. Apparently’"Qons with the field. However, in Eq. (22) we defined a 2-dimensional
v < 0 experience the strongest heating. This is a purely ki-gyrotropic VDF, which depends ow in a non-trivial way,
netic result that cannot be obtained from any fluid model orreflecting the heating process and the gyro-kinetics of the
hybrid model that imposes rigid assumptions on the shape oions in the magnetic field geometry. Assuming a Maxwellian
the VDF. in v, with a spread given by;, of Eq. (21), is consistent

In the corresponding wave spectrumrat= 144R,, with the Gaussian approximation made. A 2-dimensional gy-
which is given in Vocks and Marsch (2002b), deep absorp-rotropic VDF, f (v, v1), can thus be constructed. Itis shown
tion edges occur at and below the ion gyro-frequencies of thén Fig. 5 for @+ atr = 1.44 R,. The anisotropy can be rec-
species involved. As the cross section area of the magnetiognized by the elliptic deformation of the contours.
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does not provide sufficient physical insight into the stability
Fig. 5. Two-dimensional gyrotropic model VDF of ¥ ions at mechanism of the VD_F' Especially for largg, this proble_m
1.44Ro, displaying a distinct kinetic temperature anisotropy and PECOMES apparent, since at those speeds there are simply no
skewness (heat flux) away from the Sun (Vocks and Marsch, 2002b)l0ns that the waves could resonate with. To clarify this is-
sue,y is not only normalized t&2,, but also to the number
of resonant ions given by (v). This function is plotted in
Furthermore, the preferred pitch angle scattering of oxy-Fig. 6 with a startling result. Over a wide range of negative
gen ions at negative speeds leads to a skewness of the VDEpeedsy is close to zero, meaning that the reduced VDFs
which declines in velocity space much faster on the sunwarchave reached marginal stability, at which wave absorption
than anti-sunward side. This skewness of the model VDFno longer takes place. For positive speedsiso has some

is a salient feature. A similar skewness has commonly beemegative values, indicating that here the waves are still being
observed in solar wind proton VDFs (Marsch, 1991). The re-absorbed.

sult again demonstrates the necessity of the kinetic approach

to model coronal plasma processes. While the resonant wave That the ion VDF approaches the limit of stability over a
heating continues, the contours tend to attain shapes corravide range of velocities such that wave absorption ceases,
sponding to the plateaus discussed previously. This resulis what one generally expects from resonant pitch angle dif-
illustrates the main differences with respect to the hybridfusion leading to plateau formation. That this process takes
models, in which the ions are continuously heated (or cooledplace in the interplanetary solar wind has been shown in a
by an instability leading to wave emission) when maintain- recent study of the proton VDFs by Marsch and Tu (2001b)
ing a rigid bi-Maxwell VDF. In the semi-kinetic model, it discussed above. The strong wave absorption for negative
was found that the wave heating mechanism prefers the ionspeeds explains the structurefof and the generalized tem-
with the lowest local resonance frequencies, i.87 @ns  perature anisotropy(v)), as shown in Fig. 4. For a nearly
with negativev;. However, once a plateau is reached, the Maxwellian ion distribution, those ions withy < O are
growth/damping rate can vanish over a large region of veloc-heated primarily, as shown in the previous section. With
ity space. This is illustrated in Fig. 6, wheyeis displayed  ongoing heating, the oxygen VDF approaches marginal sta-
as a function of the resonance speed of te @ns. The  bility, and eventually even those ions with the lowest local
wave growth ratey, can be derived by using the full dis- resonance frequencies may cease to gain wave energy.
persion relation for waves propagating parallel to the back- . ) .
ground magnetic field. In Marsch (1998), the dispersion re- Figure 6 shows that a major fraction of the oxygen ions
lation for parallel LHP waves is given. The growth rate, for a have a wave absorption coefficient close to zero, i.e. they are

multi-component plasma, may be written in a form involving trans_parent for the waves. This is an interesting aspect_con—
only the reduced VDFs: cerning the wave absorption effects that the numerous differ-
5 ent heavy ion species may have in the solar corona, e.g. the
v_=® 2/3' <&) <—&F N 3£> (28) 2000 ion species studied by Cranmer (2000). lons with low
o 24"\ w k| I vy ], cyclotron frequencies could absorb a significant amount of
! TR the spectral wave energy in spite of their low densities, but
Apparently,y depends primarily on the number of reso- when they reach the limit of stability this absorption ceases,
nant ions that are able to absorb the waves. Therefore, plotvhereupon direct wave heating of ions with higher resonance
ting it normalized to a characteristic frequency, suclf2gs  frequencies is enabled.
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6 Conclusions Kennel, C. F. and Engelmann, F.: Velocity space diffusion from
weak plasma turbulence in a magnetic field, Phys. Fluids, 9,

A short review of the authors’ recent work on modelling of ~ 2377f, 1966.

the corona is presented with emphasis on key numerical reKOhL J. L., NOCi, G., Antonucci, E., et al.: First results from

sults, remote-sensing and in situ observations and unresolved the SOHO UltraViolet Coronagraph Spectrometer, Solar Phys.,

problems. It has become clear that fluid and hybrid-kinetic 175, 613-664, 1997. . .

models cannot describe the essence of wave-particle interag-Oh" J. L., Noci, G., Antonucci, E, etal.: UVCS/SOHO empirical

. . . . determinations of anisotropic velocity distributions in the solar
tions. To describe them adequately, in the context of the idea corona, Astrophys. J., 501, L127-L131, 1998.

thaf[ high—frequency waves _heat the solar.corona, require; kil'_eamon, R. J., Matthaeus, W. H., Smith, C. W., and Wong, H. K.:
netic physics. A semi-kinetic approach with reduced particle  contribution of cyclotron-resonant damping to kinetic dissipa-
VDF and self-consistent wave ESD has provided valuable in-  tion of interplanetary turbulence, Astrophys. J. Lett., 507,
sights into the coronal plasma physics. Qualitatively new and 1181-1.184, 1998.

guantitatively reliable simulation results are obtained whichLeamon, R. J., Matthaeus, W. H., Smith, C. W., Zank, G. P., and
seem to approximate that which is observed. The assumption Mullan, D. J.: MHD driven kinetic dissipation in the solar wind
of fixed shapes of the VDFs or ESDs leads to spurious and and corona, Astrophys. J., 537, 1054-1062, 2000.
unphysical conclusions. The quasi-linear diffusion modelL): X Habbal, S. R., Hollweg, J. V., and Esser, R.. Heating and
captures wave-particle processes in the corona in the case cooling of protqns by turbulence-driven ion cyclotron waves in
of weak turbulence and also oblique wave propagation. Th%;:]sec:,assoz;gizd'hJ 'sizooaht{]se' Is?oelzlr’v;g‘dl’ i2n5_21|;§5§; 10(‘:?3'6
problem of wave-energy transport and cascading remains un- o Py Y y

. Jo Inner Heliosphere, (Eds) Schwenn, R. and Marsch, E., Springer
solved, but certainly deserves great attention in future work. Verlag, Heidelberg, Germany, Vol. Il, 45-157, 1991.
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