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Abstract. Based on quasi-linear theory (involving pitch rofrequencies (Tu et al., 1998). All of these results hint to
angle scattering), the resonant interactions between ionthe importance of wave-particle processes.

and waves in an anisotropic multi-component plasma are It is well known that the protons in the high-speed solar
discussed. In particular, electromagnetic &lfvand ion-  wind reveal highly skewed and anisotropic VDFs, and that
cyclotron waves propagating along or obliquely to the mag-the heavy ions move faster and have higher temperatures than
netic field are considered. A set of reduced (with respect tathe protons. For reviews of these solar wind phenomena see,
the perpendicular velocity component) quasi-linear diffusione.g. Marsch (1991), concerning the early in situ measure-
equations is derived, involving reduced 1-D velocity distri- ments made by Helios, and von Steiger et al. (1995), with
bution functions (VDFs), as they occur in wave dispersionrespect to more recent observations of Ulysses. Often, the
relations. A 2-D model VDF can be constructed when usingminor ion species can be considered as test particles, which
the Gaussian approximation. Wave-particle heating and acprobe the waves and turbulence in the wind and are heated
celeration rates are calculated. and accelerated by wave-particle interactions. If the relative
wave amplitudes are sufficiently small and the spectra broad
in Fourier space, which is the case in the solar wind kinetic
regime, then quasi-linear theory (QLT) (e.g. Stix, 1992) is
adequate to describe the wave-particle couplings and the evo-
lution of the particle VDFs, as well as the wave power spec-
tral densities (PSDs).

1 Introduction

The purpose of this paper is to establish semi-kinetic, re
duced diffusion equations for appropriately defined veloc-
ity distribution functions (VDFs) and to develop a set of
comparatively simple closure relations, in order to describe
the resonant interactions between ions and &ifwvaves,

or oblique and dispersive ion-cyclotron and magnetosonic

waves, as well as the interactions in Landau resonance of iong€ore we discuss the diffusion equation, we reiterate some
with the slow-mode and ion-acoustic waves in the solar windOf the basic equations and definitions needed subsequently.

and Sun's corona. This paper is an extension of the workThe QLT has been described originally by Kennel and Engel-

by Marsch (1998) and Marsch and Tu (2001a) and is moti-mann (1966) and then in many other articles. Here we refer

vated by the clear evidence found by Marsch and Tu (2001bj2inly to the excellent textbooks by Melrose and McPhedran
for plateau formation in solar wind proton VDFs caused by (1991) and Stix (1992). QLT is quadratically nonlinear in

diffusion in the cyclotron wave field. Furthermore, the spec- the coupling terms between the fluctuations of the VDFs and

troscopic determinations of the widths of extreme ultravio- €/€ctromagnetic fields. But it is still linear (hence its name)
let emission lines, as obtained from measurements made o

The quasi-linear diffusion equation

in the sense that both kinds of fluctuations enter only linearly

the Solar and Heliospheric Observatory, indicate that heawy" the product terms of the perturbed second-order Viasov
ions, coming in various ionization stages in the corona, aretauation. The wave properties, such as dispersion and po-

very hot (see, e.g. Kohl et al., 1997; Wilhelm et al., 1998; larization, are evaluated from linear theory with slowly time-
Cranmer et al., 1999), particularly in the polar coronal holesVa¥ing VDFs and PSDs, implying weak wave growth or dis-
where electrons are rather cold. The ion kinetic temperatureé'pat'on'

seem to show some ordering with respect to the local gy- In QLT it is assumedl that the eIectromagnetic wave field;
can generally be Fourier-decomposed in plane waves with

Correspondence tdz. Marsch (marsch@linmpi.mpg.de) the frequencyw = wy(k), and growth ratey,, (k), for a
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particular wave mode (inde#) and a given wave vector The quasi-linear diffusion equation describes the evolution
k, which is assumed here to be directed arbitrarily with re-of the velocity distribution functionf;(Vy, Vi, r), of any
spect to the constant background fidid, The full disper-  particle specieg in an inertial frame of reference, in which
sion equation for any linear plasma wave madén a multi- the particles and waves are supposed to propagate. We will
component plasma can be found, for instance, in Stix (1992)throughout the paper assume that the VDF is normalized to
QLT assumes the validity of the random-phase approximaa density of unity. The general diffusion equation for any
tion, which ensures that no constructive interference occursgype of waves in a magnetized plasma and velocity distri-
between the different waves modes, and thus these moddsition functions has originally been derived by Kennel and
can be simply superposed linearly. Therefore we can writeEngelmann (1966). It is calculated in a transparent way in
the Fourier-transformed total electric field as a sum over thethe textbook of Stix (1992) and can be written as

various modes as 5 +o0 1 +oo
. _— — 3 3
Ek,0) =21 ) 5[0 —om ()] En(Key (k). @ a0 ;;m 1) /_oo Bt
M
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The Fourier components of the electric field vector can Xy 34 (Vi vj (K, s: Vi, Vi) = fi (V. Vi’”) - 9

be written in terms of the unimodular polarization vector, . . . .
ey (k). Mann et al. (1997) have recently studied in detail where the pitch-angle gradient was introduced. It is given by

the polarization properties of waves in a multi-componentthe velocity derivative

plasma. The magnetic field  (k), through the induction B B wpy (K) 0

equation can be written as P VLB_V” —\n - Ky v, (6)

By (K) = ——K x Ep(k). (2) ~ The magnetic field fluctuation spectrum is normalized to the
wm (K) background-field energy density. We find:

The wave growth rat k), or damping rate if it is nega- 4 By (k) 5 k 1

tive, together with the real frequenayy, (k), may be com-
bined to a complex frequency, (k) = wpy (K) + iyu(K).

The spectral energy density of the magnetic field of mttle
is given byBy (k) =| By (k) |2 /(87) and evolves accord-

Bo © k" 1-k-eyk) 2

The term in the denominator comes from the replacement of
the electric field by the magnetic field power density. It turns
out to be physically meaningful to introduce what we may

ing to
g call an ion-wave relaxation or collision rate. It is defined as
d
55’M(k) =2yn(K)Bu (k) , @) vk, sV, V) = 779? 8(wm(K) — s — kyVy)
. . . 1 _ V:(K,s)
which follows from the Fourier decomposition x| 5(137167(4 + Js+1eM) + - Jsem; |2 . (8)
By (X, 1) = / d3kBy (K)el<Xe™ Jodt'zm (.1 ’ (4) Note that this quantity has ir_ldeed the dimension of an inverse
time or rate. Here we also introduced therder resonance

wherex is the spatial coordinate ands the time. One has speed and made use of the Bessel functions (with inylex

B, (k) = By (—k), since the magnetic field in Eq. (4) must _opk) —sQ; _(kuVy

be real. ThereforeBy (k) = By (—k) by definition. The Vjk,s) = k| o s = JX( Q; ) ©)
asterisk indicates the complex conjugate number. It is of- ) o

ten convenient to use the Doppler-shifted frequency denoted Ne circular components of the wave polarization vector are

by a prime, ), (k) = wy (k) — kU;, as measured in a defined as

frame of ref_erence moving with the bulk speed c.orr?pon.ent,gjﬂ‘;(k) = emx(K) i eny(K). (10)

U;, of speciesj alongBo. The background electric field is _ _ o
taken to be zero, and the background plasma may be multiThe fundamental Eq. (5) is quoted here without derivation as
component but is assumed to bear zero current and be quadhe starting point of our paper. We have only slighty rewrit-

neutral. ten it in a form most appropriate for our subsequent pur-
In what follows the definitions are as usual: the speed ofP0ses. Note that the famous quasi-linear plateau in the VDF
light is denoted by, the ion charge by;, its density byn , implies a vanishing pitch-angle gradient, which means that

the mass byn;, and the plasma frequency of speciess ~ 9/9¢ =0.
@5 = (4mesnj)/m;. The ion gyrofrequency, carrying the
sign of the charge, reads; = (e; Bo)/(m jc). Here the frac-
tional mass density of specigds defined ag; = n;m;/p,
with p = > ,ngmg. We will make use of the relation
$; Q5 = &5VZ/c?, where the Alfien speed is based on the For the general wave dispersion relation see any text book,
total mass density and defined\a}% = Bg/(4n,o). such as Melrose and McPhedran (1991). To give a relevant

3 Reduced velocity distributions and dispersive electro-
magnetic waves
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and non-trivial example of a dispersion relation, we restrictupon the parallel speed. Note further that by definition the
ourselves in this section to parallel propagating electromagfollowing normalizations hold:

netic waves. The full dispersion equation for parallel propa- 1 1
ating left-handed¥ = — sign) and right-handed{ = + *
g. g M gn) 9 - d‘/( . dw Fjj(wp | wy | = 0 a7
sign) circularly polarized electromagnetic waves in a multi- J_ - V2
component plasma reads, e.g. after Dum et al. (1980), as I Jl
follows: Due to the definition in Eq. (15), the zeroth momentFof.
) ) yields the perpendicular thermal speed:
ck) > ( wj ) N 00
=1+ &5 (zhy k), k 11
(ZM(k”) Xj: zm (k) J (@ (k). K (11) / dw Fj1(w)) = ijj_ . (18)
—00

The dielectric constant involves a resonance integral oveHigher-order moments, such as heat fluxes, will not be con-
the pitch-angle gradient of the distribution function. Solv- sidered here.

ing Eq. (11) for a given real, gives a complex frequency As a simple but most relevant example of the important
zu (ky). Usually there are at least as many modes or brancheshase velocity”V,,, (k) = wu (K)/ k, appearing in Eg. (9),

as there are species in the plasma considered (Mann et alve consider here the phase speed of a parallelelfwave.
1997). Expansion of Eq. (11) about the real axis allows one¥Ve start from the dispersion relation Eq. (12). An expansion
to derive the real and imaginary parts of the frequency (forof the dielectric constant for large resonant speeds, in the

small growth/damping rate) from the formulae limit ya; (k) — 0, in whichz), (k) — ), (k)), yields:
1/2
2 _ A 02 ==V
(kyVa)? = ;pj QF ReET (@) k). ky) 12 v, =v=+ (vj 45 (V]?l ~ V3 + AUJZ)) . (19)
J
_ Zj ﬁfQ? Iméf(w?vl(k”), ky) This is the pha§e vequty in thg merhgl framg pf an Afv
ym(ky) = ) (13) wave in a relatively drifting, anisotropic multi-ion plasma.
Y @Q?W(Re@f(w},,(k”), k||)> The ion differential speed iAU; = U; — U, with which

each species moves aloBg relative to the center-of-mass

The Alfvéen velocity has been used to normalize the phasdrame,U = }_; p;U;. The factor in the brackets of Eq. (19)
speed, and terms of ordé€V,/c)2 have been neglected as IS the generalized firehose correction. Afvwaves have the
being very small. The denominator of Eq. (13) is related unique property thav,, is constant and independent of the
to the so-called wave energy, associated with the sloshingvave propagation angle.
motions of the particles in the wave field. The growth rate,
ym (k), as obtained from Eqg. (13), is to be used in Eq. (3)
for the evolution of the wave spectrum.

The evaluation of the dielectric function in Eq. (11) does

not require the full two-dimensional VDF but only the two \\e return to the general case of oblique wave propagation.

4 Coupled diffusion equations for the reduced distribu-
tion functions

00 inertial frame. Let us now go into the proper frame of species
Fj(wy) = 271/ dwiwy fj(wy, wy), (14) J» in which the velocity is denoted by. It is obtained by
0

replacing the velocity components as followg; — w,
-~ ) andV) — V| — U; = wj. The temporal rates of change of
w - . N
Fii(w)) =2m / dwyw, —= fj(wy, wy). (15)  thereduced distribution functions are in this frame calculated
2 by taking the corresponding moments of the diffusion Eq. (5)

. . . with the result:
In terms of these VDFs the dielectric function in Eq. (11) can

o0
after Dum et al. (1980) be written as % )= 271/ dUJJ_wJ_%fj(U)J_, wy, 1), (20)
0
© dw < z2h (ky)
At I M ¥l 00 2
=1 —=—— |- VEj) (wy) 8 p wi 3
/ [oo w;—L —w ky / 5 FiL= 2r A de_wJ_T Efj(uu’ wy, 1) . (21)
+ aiFjL(wl)> ) (16) By inserting Eq. (5) an<_j partial integration with respect to
w| V., the evolution equation for the parallel reduced VDF as

defined in Eq. (14) is obtained
Hereweintroducedthequantiig/f=(z§w(k||)ﬂ:52j)/k”, efined in Eq. (14) is obtaine

PR 0 0

the real part of which is the resonance speed. Note that_Fj” () = — Dj(wy)— Fj 1 (w))
only the first quantity in Eq. (14) is a genuine particle VDF, 9¢ dw) dw)
whereas the second one in Eq. (15) corresponds to the dis- 0

tribution of the perpendicular thermal energy in dependence  ~ ju, (A Cwp) Fjwy) - (22)
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It also depends on the reduced perpendicular VDF defined In Eg. (23) we were forced to introduce another higher-
in Eq. (15), and thus the corresponding diffusion equation isorder reduced VDF given by

also required, which reads: 00 4

w
P P ng)(w”):Zn/ de_wJ_—J‘fj(wJ_,w”), (26)
2 F = piwn L F@ / 0 4
oy Lit(wy) = oo Dj(wy) 2 £ (wy) L _ _
t wj wj for which in principle another evolution equation must be de-
J rived to obtain its time evolution. Apparently, we are facing
—2— (A; F; : '
dw) (AjwpFjsop) the difficult problem of closure for the reduced VDFs. An
9 infinite chain of evolution equations would result if no ap-
—Aj(w\l)a_iji(wll) + Hj(wy) Fjj(wy) - (23)  proximation was made. Therefore, the advantage of using
1-D VDFs instead of the original 2-D ones would be lost.

In order to obtain these two diffusion equations, an im- To break this chain of higher-order moments we make the
portant approximation had to be made in the relaxation ratesaussian approximation,

v;. It was taken at a typical value &f,, for which we have @ )

chosen the mean thermal spegg,.. Without this approx- 7 (W) = 2V, Fj1(wy), (27)
imation, after partial integration of Eq. (5), one could have \yhich would be exact for a bi-Maxwellian. Of course, this
ignored the two reduced VFDs, but instead one would havejges not imply that; | is Gaussian itself. Empirical mo-
had to deal with much more complex (weighted by Besseltjyation for the factorization in Eq. (27) stems from the so-
functions) reduced VDFs. Such quantities are useless angyr wind in situ observation, yielding that at any parallel
have no obvious physical meaning. Since the matrix elemengpeed the protons’ perpendicular speeds are distributed as a
occurring in Eq. (8) is positive definite, the original rate  Gaussian (Marsch and Goldstein, 1983), despite the fact that
is expected to be a smoothly varying functionlof, which there may be proton beams (Marsch, 1991) drifting along the
we argue can be replaced without qualitative loss of essentiahean field. With the relation in Eq. (27) being inserted, the

physics, though quantitative loss of precision, by its typical ggs. (22 and (23) form a closed set of diffusion equations.
value at the mean thermal speed. The resulting rate (includrnys, Eq. (23) transforms into

ing here another factor of two) is defined as

Q<
. . — J _ V. .
U](k,s, w|) = 27t| K |8<w” Vj(k,s)—i-Uj)

O Fiwp) =2 V2 =2 D (wy)—— Fy . (wy)
—Fj (w)) = O Dj(w)—Fj (w

d
—3A; —F;
Vi)~ s g FiL
JseMz | . (24)

1o . -
x | E(Js_leM +Tssaey) +

—2 F./'J-(wll)aiAj(wH) + Hjwp Fjy(wy) - (28)
Note that this quantity has also the dimension of an inverse l
time or temporal rate. Here we used again the resonance The price to be payed for closure is that the evolution equa-
speed Eq. (9) and introduced the slightly modified Bessetion for F; is now an integro-differential equation, since
functions (with indexs), depending only o in the form:  the squared perpendicular thermal speed is defined by the
T = Js(k, Vil/Q)). first parallel moment of; | . In a multi-component plasma,
Following Marsch (1998), we have defined the “transport” the dependence obi; is also essential, since it cannot be
functions for the diffusion and acceleration, respectively, de-femoved by going into the plasma (center-of-mass) frame.
celeration, and heating or cooling by the following wave- Stationary solutions of Egs. (22) and (28) are obtained if the

vector integrals and sums over indices: Gaussian condition,
Dj(wy) 1 o L Fji(wy) = V7 Fiy(wy), (29)
Aj(w)) (Zﬂ)gf d®*kBu (k) is fulfilled, and if the only remaining reduced VDF obeys
Hj(wy) M ‘°° at the cyclotron resonance (for a givef) the differential
1 equation:
S wksup | (25) 2 52
X Vi (K, s5 wj K . Ve — Fa=—JF.. 30
= (2 My T T T (30)
II

. . Equations (29) and (30) express the conditions for a resonant

These transport coefficients, which dependwponly 3464y in terms of the reduced VDFs. In the case of non-
through the resonance condition in Eq. (24), (jescnbe thq:iispersive waves with a constant phase spégd Eq. (30)

diffusive broadening of the VDFs and the particle’s heat- s yjig everywhere in Fourier space and can therefore, by

ing and acceleration, which ceases only when the particlg,,p|oiting the resonance condition, be integrated to yield a
co-moves with the wave in a frame defined by the velocity (o quced Maxwellian centered in the wave frame:

Von(K) = wu(K)/kj in the inertial frame. This result be- L )
i i ition i (w4 Uj — Vpi)
comes obvious when one exploits the resonance condition |qp‘” (w)) = exp( _ J P ) . (31)

Eq. (24). ! 2 V2 vy
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This result implies am-independent VDF, which then only Here the brackets with indek refer to an integration over
depends on the particle energy in the wave frame, where itsv; only. These rates are, apart from the important approxi-
iso-density contours would be concentric circles. mations leading to Eq. (24), mathematically equivalent to the
The linked evolution Egs. (22) and (28) are less complexrates as given in Marsch and Tu (2001a), which were based
than the original two-dimensional diffusion Eg. (5). This re- on the original diffusion Eq. (5). In Egs. (37) to (39) the
sult is particularly advantageous if one seeks numerical solueharacter of the velocity moments is retained, and the waves
tions (see, e.g. the recent numerical model results obtainedppear only indirectly through the transport coefficients. An-
by Vocks and Marsch, 2001). Furthermore, according toother version, stressing the waves, of the heating and accel-
these authors, one can construct a gyrotropic, approximateration rates is obtained by a direct integration over the wave
2-D VDF by using the effective perpendicular thermal speedspectrum. By evaluating the delta-function resonances ex-

defined by: plicitly, the equivalent form of the rates reads:
Fji(w)) 2.
W2 (w) = L——=, (32) 17 1 +o0
jL Fj“(wH) gvjzl = Z (27[)3/ dng k)( ])2
2
which leads in consistency with the Gaussian approximation Vil
to a model VDF given by ky
5 x Z Rk, s) | 2k (Vik,s)—Uj) |, (40)
, __Fiwp wi s==00 sQ;
fitwp,wp) = ————exp| — -— (33) J
ZNWjL(w”) le(wl\)

where we used explicitly the wave spectriiy (k), which is
lllustrative examples of such re-constructed 2-D distributionsgiven by Eq. (7). Equation (40) expresses the rates in terms
for coronal funnels and holes can be found in the model reof an integral over the normalized PSD and sums over the
sults obtained by Vocks and Marsch (2001). mode numberM, and resonance-order numbey,and the
reduced velocity distribution functions. The resonance func-
tion ﬁj(k,s) also depends on these numbers, and on the
wave vectork and of course the reduced VDFs in the fol-
lowing form:

5 Resonant heating and acceleration rates as reduced
velocity moments

Let us now take velocity moments 8§09z F;, . as given in 7k 2 Ky
Egs. (22) and (28). Note that the reduced distribution func- ik, 5) = (2m) | ky |
tions vanish at infinity, which implies thdt;) | (00) = 0.

The zeroth moment expresses conservation of normalization  x [l “(Js- 1eM + Js+1eM) + Vitk )5 Jsem: 2
(orn;). The first moment gives the bulk acceleration: o ; it
< (2, - 2 F, )] . 41

Bat Uj = w||8§_t| > - (34) < kj Il dwy st w =Vjk,s)—-U; 0
The heating rates are defined by the second moments any'© rates in Eq. (40) can be evaluated otige. | (wy) and
given as: the gyrotropic PSDBy (k. , k), are known explicitly. Note

that the quantltyR (k, s) plays the role of a wave opacity,
92 __ 2950 (35)  if one wants to use a technical term from radiative transfer
ar /I a1 I theory. Other than in atomic optics, though, the opacity is
P 9F:, here highly nonli_near, since it depends self-consistently on
Evfi 8; > . (36)  the reduced particle VDFs. At a givér, the wave absorp-

tion vanishes on the plateau as defined by Eq. (30) for an
With the preparations of the previous sections, it isisotropic VDF.

straightforward to evaluate the rates of change of the ther-

mal speeds (or temperatures) and of the bulk speed of speci

j by taking the first three parallel velocity moments of

Egs. (22) and (28), with the results: We have first described in this article the general quasi-
9 9 linear interactions between ions and plasma waves propa-

% Summary and conclusions

5,V = Dja—wHFjL >+ < AjFj >y, (37)  gating along or obliquely to the mean magnetic field. After
that, a closure scheme for the semi-kinetic diffusion equa-
d Pl tions of the reduced VDFs has been established, by mak-
91 VJ | =—2<w Df'a_w”FJ'l > +2 < wAjFj) > ,(38) ing the V| -averaging assumption in the rate Eq. (24) and the
Gaussian approximation leading to Eq. (27). Then the rates
5 0 for the heating and acceleration of the ions, in cyclotron or
o ViL="< Af'a_w”FfL >+ < HiFjy >y - (39 Landau resonance with the waves, have been derived. The
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time evolution of the reduced VDFs is governed by the diffu- Dum, C. T., Marsch, E., and Pilipp, W. G.: Determination of wave
sion Egs. (22) and (28), which require the knowledge of the growth from measured distribution functions and transport the-
wave transport coefficients in Eq. (25). They reflect through ory, J. Plasma Phys,, 23, 91,1980. o

Vph(k) the actual wave dispersion properties, which often Kennel, C. F. and Engelmaqn, F.: Velocllty ;pace d|ﬁu5|0q from
depend merely on the particles’ temperatures, densities, and Weak plasma turbulence in a magnetic field, Phys. Fluids, 9,

! . . . 2377, 1966.
:lr:;tsr]psec?gz,sdetermlnlng the characteristic frequencies an?(ohl, J. L., Noci, G., Antonucci, E., et al.: First results from the

. . SOHO UltraViolet Coronagraph Spectrometer, Solar Phys., 175,
If the complete physics of weak turbulence theory within = g13 1997 grapn =p y

the framework of QLT is to be retained, one needs to calcuat§ ann, G., Hackenberg, P., and Marsch, E.: Linear mode analysis in
the dispersion and polarization properties of the waves self- multi-ion plasmas, J. Plasma Phys., 58, 205, 1997.
consistently, in order to calculate the required wave growthmarsch, E.: Kinetic physics of the solar wind, in: Physics of the
rate, yy (K), and “phase speed,; (k) = wpu(K)/kj. For- Inner Heliosphere, (Eds) Schwenn, R. and Marsch, E., Springer
tunately, convenient approximations for the polarization vec- Verlag, Heidelberg, Germany, Vol. I, 45, 1991. _
tors exist, and many reasonable approximations of the disMarsch. E.: Closure of multifluid and kinetic equations for
persion relations (see, e.g. Stix, 1992: Melrose and McPhe- cyclotron-resonant interactions of solar wind ions with &lfv
dran, 1991) can be derived, e.g. for a cold plasma, or a waves, Nonl. Proc. G_eophys., 5 111, 1998. -

' o L . ’ arsch, E. and Goldstein, H.: The effects of Coulomb collisions on
warm plasma with inclusion of substantial thermal correc-

A ) ) ) ) solar wind ion velocity distributions, J. Geophys. Res., 88, 9933,
tions. Yet, more detailed dispersion relations, such as the one 1gg3.

in Eqg. (11), do require the re?du.ced.VDFs de:fined in Egs. (14)Marsch, E. and Tu, C. Y.: Heating and acceleration of coronal ions

and (15), or even the full distribution functions. For exam- interacting with plasma waves through cyclotron and Landau res-

ple, Dum et al. (1980) have numerically calculated the warm onance, J. Geophys. Res., 106, 227, 2001a.

plasma dispersion relation for parallel waves based on meaMarsch, E. and Tu, C. Y.: Evidence for pitch-angle diffusion of so-

sured solar wind particle VDFs. lar wind protons in resonance with cyclotron waves, J. Geophys.
The set of closure equations established here has already Res.. 106, 8357, 2001b. _

been demonstrated by Vocks (2001) and Vocks and Marscfy!élrose, D. B. and McPhedran, R. C.: Electromagnetic Processes

(2001) to provide reasonable solutions and model VDFs for in Dispersive Media, Cambridge Univiversity Press, New York,

coronal holes. There are other obvious applications to the in 1991.

. . . . . Stix, T. H.: Waves in Plasmas, American Institute of Physics, New
terplanetary solar wind, in which evidence for pitch-angle 'y 1992

diffusion of protons has recently been found (Marsch andy, c.v. Marsch, E., Wilhelm, K., and Curdt, W.: lon temperatures
Tu, 2001), the explanation of which requires a semi-kinetic  in a solar polar coronal hole observed by SUMER on SOHO,
or kinetic approach. It should be noted that our set of re- Astrophys. J., 500, 475, 1998.

duced equations can also be applied in a self-consistent sc&bcks, C. and Marsch, E.: A semi-kinetic model of wave-ion inter-
nario when the wave spectra and particle VDFs are time de- action in the solar corona, Geophys. Res. Lett., 28, 1917, 2001.
pendent. We think that the reduced semi-kinetic QLT is aVocks, C.: Ein kinetisches Modell der lonen in koronaleithern
promising step from a fluid-type towards a full kinetic de- mit Welle-Teilchen-Wechselwirkung und Coulomb38en, PhD

scription of wave-particle interactions in space plasmas. Thesis, University of @ttingen, Gttinger Beitage zur Physik,
Band 8, Duerkohp & Radicke, Wissenschaftliche Publikationen,

Germany, 2001.
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