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Abstract. In a previous paper we argued that the damping of obliquely propagating kinetic Alfvén
waves, chiefly by resonant mechanisms, was a likely explanation for the formation of the dissipation range
for interplanetary magnetic field fluctuations. This suggestion was based largely on observations of the
dissipation range at 1 AU as recorded by the Wind spacecraft. We pursue this suggestion here with both
a general examination of the damping of obliquely propagating kinetic Alfvén waves and an additional
examination of the observations. We explore the damping rates of kinetic Alfvén waves under a wide
range of interplanetary conditions using numerical solutions of the linearized Maxwell-Vlasov equations and
demonstrate that these waves display the nearly isotropic dissipation properties inferred from the previous
paper. Using these solutions, we present a simple model to predict the onset of the dissipation range and
compare these predictions to the observations. In the process we demonstrate that electron Landau damping
plays a significant role in the damping of interplanetary magnetic field fluctuations which leads to significant

heating of the thermal electrons.
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1 INTRODUCTION

While it is now widely accepted that the inter-
planetary medium behaves to some degree as a tur-
bulent magnetofluid [Coleman, 1968], little has been
learned about the ultimate fate of the turbulent en-
ergy. Whether or not significant spectral transfer
of the magnetic and velocity fluctuation energy is
present [Matthaeus et al., 1998] and regardless of
how much of the fluctuation energy is produced in
situ within the interplanetary medium [Zank et al.,
1996], there is now ample evidence that kinetic pro-
cesses are dissipating the energy at the smallest fluid
scales [Behannon, 1975; Denskat et al., 1983; Smith
et al., 1990; Goldstein et al., 1994].

Leamon et al. [1998a] (hereafter Paper 1) recently
examined an ensemble of 33 quasi-stationary, 1-hour
samples of high-resolution Wind observations from
1 AU and attempted to characterize the dissipation
range spectra contained within the intervals. We
found that dissipation range onset is consistently as-
sociated with spacecraft-frame frequencies compara-
ble to, but greater than, the proton cyclotron fre-
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quency. Dissipation range spectral indices varied
from —2.34 to —4.23 and averaged —3.01.

Helios [Denskat et al., 1983] and Mariner obser-
vations [Smith et al., 1990] inside 1 AU suggest that
the dissipation range may fall more steeply in this re-
gion while Voyager observations [Smith et al., 1990]
from beyond 1 AU suggest the dissipation range may
be a more shallow function of frequency beyond the
Earth’s orbit. However, these are only preliminary
results and many more data intervals must be exam-
ined before this can be said conclusively. In all cases
reported so far, it appears that the association of the
dissipation range with frequencies comparable to the
cyclotron frequency holds.

An additional conclusion of Paper 1 was that the
onset of the dissipation range could not be pre-
dicted using simple resonant theories for parallel-
propagating Alfvén waves. Schwartz et al. [1981]
also concluded that the dissipation of solar-generated
(i.e., parallel-propagating), noninteracting Alfvén
waves is insufficient to overcome adiabatic cooling
of the (perpendicular component) of the solar wind.
Both papers strongly suggest that wave vectors at
oblique angles to the mean field play an important
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role in the formation of the dissipation range, al-
though in the case of Schwartz et al., these waves
are induced by ion beam driven instabilities.

The object of this paper is to test if the existence
and subsequent damping of kinetic Alfvén waves
can match the required properties of these inferred
oblique waves. In section 2 we describe our data
set used and present an example power spectrum of
interplanetary magnetic field (IMF) fluctuations at
1 AU. A graph showing the relationship between the
Larmor radius and the wavenumber at which dissi-
pation sets in seems to suggest that a more isotropic
dissipation mechanism is needed in addition to cy-
clotron resonant damping. In section 3 we investigate
numerically the dispersion, dissipation and polariza-
tion properties of kinetic Alfvén waves, the effects of
cyclotron-resonant and Landau damping, and how
the effects of the two damping mechanisms change
with changing ambient plasma parameters. Section 4
tests how well the observed IMF power spectra can
be explained by damping of kinetic Alfvén waves. We
construct a three-dimensional (3-D) spectrum E(k)
that is consistent with the observations, although not
unique. From this 3-D spectrum we also calculate the
heating rate due to damping of kinetic Alfvén waves,
and compare it to the additional required heating
due to the nonadiabatic temperature profile of the
solar wind. We also compare the dissipation heating
rate to the observed inertial-range turbulent cascade
rate. Finally, in section 5 we compare the observed
spectral break frequency to a prediction based on the
damping of kinetic Alfvén waves for the Wind data
intervals previously studied by us, and in section 6
we summarize our findings and the limitations of the
underlying assumptions.

2 OBSERVATIONS

In this paper we will again make use of the
database of dissipation range spectra developed and
analyzed in Paper 1. The 1-hour intervals of high-
resolution magnetic field data from the Wind Mag-
netic Field Investigation (MFI) instrument [Lepping
et al., 1995] used in that study were chosen to be
quasi-stationary and possessing well-defined power
law energy spectra. A first-order difference filter was
employed to remove linear trends from the data and
a postdarkening filter corrected the resulting spec-
trum [Chen, 1989]. The previous analysis showed
that the dissipation range is characterized by highly
transverse magnetic fluctuations with transverse or
oblique wavevectors that form a large fraction of the
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FIGURE 1. Trace of power spectral density matrix for
hour 2200 UT, January 11, 1997, providing an exam-
ple of dissipation range power spectrum at 1 AU. For
this period, B = 6.27 nT, 3, = 0.480, Opy = 38.1°,
Vsw = 517 km s™*, and Q, = 0.605 rad s™* (0.096 Hz).
The spectral break frequency is computed to be 0.235 Hz
(marked by a vertical dashed line). Measurements were
recorded by the WIND spacecraft.

total energy. Attempts to predict dissipation range
onset using simple, parallel-propagating wave theory
failed. Obliquely propagating kinetic Alfvén waves
were discussed as one possible explanation for the
observations.

Figure 1 is an example of the power spectrum of
IMF fluctuations at 1 AU discussed in Paper 1. At
0.24 Hz, the spectrum “breaks” from a v 167 power
law inertial range to a v=2%! dissipation range. We
call this frequency the spectral break frequency vyy.
We contend that the steepened spectrum marks the
onset of dissipation. The spacecraft spintone can be
seen at 0.33 Hz along with at least six harmonics.
The flattening of the spectrum at the highest fre-
quencies is due to an undetermined noise source on
the spacecraft. (See Paper 1 for a more detailed dis-
cussion of this problem.)

We use 83 such 1-hour intervals of Wind data
in this paper; the 33 intervals of quiet solar wind
data used in Paper 1, and 50 hours from January
9-11, 1997, containing a large coronal mass ejection
(CME) and imbedded magnetic cloud [Leamon et al.,
1998b]. These 83 events cover a wide range in all so-
lar wind parameters (B, 8p, Vsw, Opv) and vy.
(Thermal particle measurements are from the SWE
instrument [Ogilvie et al., 1995] on board Wind.)
In particular, the angle between the mean field and
the solar wind velocity vector varies over the range
9.1° < Opy < 87.1°. The spectrum shown in Fig-
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FIGURE 2. Two scatterplots showing inverse relation-
ship between the observed frequency marking the on-
set of the dissipation range and the Larmor radius for
a thermal proton. The solid line in each case corre-
sponds to the best-fit straight line of the bottom panel,
namely k. = (3.172 £ 0.152) R, and the dashed curve
corresponds to the best-fit hyperbola of the top panel,
kaiss = (0.195 £ 0.012)R;"'. Observations in the quiet
solar wind dataset used by Paper 1 are shown as trian-
gles, and those from the January 1997 CME (see Leamon
et al. [1998b] for more details) are represented by circles.

ure 1 is fairly typical of 1 AU observations and the
ambient plasma parameters of the period are also
typical for 1 AU.

Figure 2 shows two representations of the rela-
tionship between the Larmor radius for thermal pro-
tons Ry and the dissipation wavenumber kg;ss =
2nvys /Vsw. Dissipation sets in when k! scales are
of the order of the proton Larmor radius, without re-
gard for Opy. A slab geometry would introduce an
extra factor of cos @ gy into the dependence of kg
on Ry, which is manifestly absent in Figure 2. The
fact that the particular choice of a slab geometry fails
to organize the observations was previously demon-
strated by Leamon et al. [1998a, Figure 7]. Figure 2
seems to suggest that there is always a fluctuation
that projects onto Vgy as Ry to mark the onset
of dissipation: the fluctuations are more than just
an ensemble of parallel-propagating (“slab”) Alfvén
waves. What is needed, according to Figure 2, is a
more nearly isotropic dissipation mechanism that is
associated, at least in part, with cyclotron resonance.

For low-frequency magnetic field fluctuations,
cyclotron-resonant dissipation is most effective when
the wave vector forms a small angle with the mean
magnetic field. Landau damping, either by ions or
electrons, favors oblique wave vectors and in the re-
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mainder of this paper we will demonstrate that it
provides the necessary damping of waves at large
propagation angles. In the process we will argue that
a significant fraction of the dissipated magnetic en-
ergy (about half) is used to heat the ambient thermal
electrons; the remainder heats the ions.

This paper is concerned only with the dissipation
mechanisms; the rate at which energy is transferred
through the inertial range and supplied to the heat-
ing mechanisms and the geometry of the spectrum
are both beyond the scope of this effort, except in
so far as a couple of simple comparisons that can
be made at the end of the paper. So as not to bias
this analysis we will assume an isotropic spectrum of
known energy level and allow future efforts to refine
this assumption when considering specific models for
the spectrum and spectral transfer of energy.

3 KINETIC ALFVEN WAVES

The kinetic Alfvén wave (KAW) can be viewed as
a coupling of the ion-acoustic mode and the Alfvén
wave [see, e.g., Hasegawa, 1976; Lysak and Lotko,
1995; Hollweg, 1999]. It was introduced by Hasegawa
by including finite Larmor radius effects in the MHD
equations. It also undergoes both electron and ion
Landau damping through its coupling to the electro-
static mode [Hasegawa and Uberoi, 1982]. It pro-
duces compressive (parallel) magnetic field fluctu-
ations and has a parallel electric field component.
Unlike the magnetosonic mode considered by Barnes
[1966], the kinetic Alfvén wave experiences Landau
damping only at scales comparable to the ion Larmor
radius.

Kinetic Alfvén waves have been implicated in a
wide variety of geophysical processes from the iono-
sphere to the solar corona [for an exhaustive list, see
Hollweg, 1999]. There are a number of reasons why
kinetic Alfvén waves provide an interesting model for
our problem of solar wind IMF fluctuations: for in-
stance at low wavenumbers, they are mostly trans-
verse, with a minimum variance direction close to By
and thus are not inconsistent with the observations
of Belcher and Davis [1971], even though they are
not parallel propagating. As k increases and the so-
lutions approach dissipation-range frequencies, how-
ever, this approximation breaks down and the KAW
becomes strongly compressive when kIl is of the or-
der of the ion Larmor radius [Hasegawa and Sato,
1989; Paper 1].

As discussed in section 5 of Paper 1, of the three
low-frequency, obliquely propagating wave modes,
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both the fast magnetosonic wave and the slow-mode
wave are heavily damped in a high-3 plasma, regard-
less of wavelength. Observations of the presence of
a spectral break, therefore, makes it highly unlikely
that these two wave modes can provide an adequate
explanation of the observed data. It is a critical
assumption that we make in the rest of this paper
that all magnetic fluctuation energy is contained in
KAWs.

Throughout this paper we will be using KAW dis-
persion relations calculated via solution of the lin-
earized Maxwell-Vlasov equations without any fur-
ther approximations or limits, in order to analyze in
detail the properties of the KAW in association with
the dissipation and damping of IMF fluctuations. We
assume single-temperature Maxwellian distributions
for both protons and electrons with, unless other-
wise stated, 8 = B, = B, where for each species
B = 8rnkpT/B?.

3.1 Analytic Approximations to the
Kinetic Alfvén Wave

Even though numerical calculations are the best
method of determining the full KAW dispersion re-
lation, we can consider analytic approximations to
it for the purposes of demonstrating the mode cou-
plings. Hasegawa and Sato [1989] give the following
expression for the dispersion relation:

Y w? w? 1 Y
(Io(/\i)e A kﬁ02> [1 — kﬁvj)\_i (1 —Ie(N\)e ’\')

w?

= (1-Ty(\)e N 1
kﬁv?h,i ( 0()‘1)6 )7 ( )

where ¢, = (kpT./m;)'/? is the ion sound speed with
electron temperature, V4 is the Alfvén speed, vy, ; is
the ion thermal speed, \; = k2 RZ and Io()\;) is the
modified Bessel function of the first kind. Subscript
symbols L and || refer to the directions perpendicular
and parallel to the mean magnetic field, respectively.
Equation (1) neglects damping, i.e., w is only the real
part of the frequency. We would like to point out that
for a high-8 plasma like the solar wind (8 ~ O(1)),
the correction to (1) can be substantial. Neverthe-
less, (1) clearly shows the coupling of the ion acoustic
mode (zero of first parenthesis) and the Alfvén wave
(zero of square brackets).

In a low-3 plasma, ¢2 < V3, the coupling is weak
and the dispersion relation for the kinetic Alfvén
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wave becomes

w2 )\, Te
= =W 2
kﬁVj 1-— Io()\,')ef)"' + T; A ( )

Furthermore, if A\; < 1, the dispersion relation re-
duces to

T.

3
w? = kfVi |1+ K R} (Z + T)] (3)

Equations (1)—(3) are all from Hasegawa and Sato
[1989).

3.2 Calculated Properties of the
Kinetic Alfvén Wave

Figure 3 shows the dispersion relations we com-
pute for waves propagating at various angles to the
mean magnetic field and for the specific value of
B = 0.5. From the wave frequency (top) panel, we
can see that dispersion is fairly independent of prop-
agation direction until §xg 2 60°, due to the cosfrp
dependence of kinetic Alfvén waves. The parallel-
propagating wave has the greatest decay rate (bot-
tom). However, the decay rate for oblique propaga-
tion is of comparable magnitude until large oblique
angles (0 2 60°). This “quasi-isotropic” dissipa-
tion is in agreement with the implications of Figure 2.

Our codes calculate the dispersion relation via the
contributions of electrons and protons to the disper-
sion tensor D. We calculate the ratios of the fluctuat-
ing electric field components §E of the wave via the
relation D(k,w) -0E(k,w) = 0 [e.g., Gary, 1993], and
then B, via Maxwell’s equations. Figure 4 shows
the ratio of these fluctuating 6B components, along
with the dispersion relation.

We terminate each calculation in Figure 4 when
v/w = —0.5; at this point the wave is critically
damped, and beyond this, the wave can no longer
be viewed as propagating.

From V - B = 0 we have B, /dB, = —cotf (we
assume that the wave propagates in the z—z plane),
which is a constant for a given propagation direction.
At low values of k, |0B,/6B,| is large, demonstrat-
ing the transverse nature of the KAW; as k increases,
the KAW becomes more compressive, and this ratio
decreases towards unity. Rather than showing ratios
of the components of JE, we show in Figure 4 the
quantity |k - dE|/|k x dE|, which may be viewed as a
proxy to the ratio of Landau to cyclotron damping.
We see that |k -dE|/|k x dE| increases for increas-
ingly off-axis propagation directions.
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FIGURE 3. Dispersion relations for kinetic Alfvén
waves propagating at various angles to the mean mag-
netic field. The wavenumber k, real frequency w, and
damping rate «y are all scaled to dimensionless units. (The
quantity kVa/Q, is identically equivalent to kc/wy;, as is
sometimes used by other authors.) The key to the lines
is as follows: solid, 15°; dashed, 30°; dot-dashed, 45°;
dot-dot-dot-dashed, 60°; long dashed, 75°. All solutions

are for 8, = B = 0.5.

0.0 0.5

Various types of damping contribute to the decay
rates shown in Figures 3 and 4: ion cyclotron, ion
Landau and electron Landau damping, and transit-
time magnetic damping. Landau damping and
transit-time damping are both due to the n = 0 term
contribution from the dielectric tensor [Stiz, 1992].
The n = 0 contribution can be either resonant or
nonresonant in nature, depending upon the underly-
ing particle and field parameters.

Landau damping and transit-time damping are
two distinct physical processes; Landau damping is
due to the interaction of the particles with the wave
electric fields, and is mainly electrostatic, whereas
tranist-time damping is due to the interaction of
the particles with the parallel magnetic field 6B,
(the compressible perturbation) and is electromag-
netic in nature. In general, it is extremely dif-
ficult to separate the contributions from various
damping processes (since both the n = 0 and +1
terms contribute significantly to the dispersive prop-
erties of the KAW). However, Figure 4 does indicate
that 6B, < 0By for all angles at low-to-moderate
wavenumber, which suggests that transit-time mag-
netic damping might not be as important as other
damping processes in this parameter regime. (The
magnetosonic wave is, by its more compressive na-
ture, therefore, much more susceptible to transit-
time damping than the KAW; however, as mentioned
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FIGURE 4. A refinement of Figure 3 showing the po-
larization properties of the wave mode. (a—e) The an-
gle g = 15°, 45°, 60°, 67° and 75°. The solid curve
corresponds to |6 By /dB.;|; the dot-dot-dot-dashed curve,
|k - 0E|/|k x 0E|; the dashed curve, w/,; and the long
dashed curve, y/w. The horizontal trace in each panel
corresponds to |§B,/dB,|, which is a constant for given
OrB-

at the start of section 3, the magnetosonic wave
damps too quickly to be capable of an adequate ex-
planation of the observed data.)

We can isolate the electron and ion contributions
to Landau damping by lowering [, to very small val-
ues; whatever damping is left is due to the protons.
We cannot, however, separate and quantify the two
contributions of the two ion damping mechanisms.
Using solutions such as those shown in Figure 3, we
can compute contours of constant v/, for a range
of 3. Figure 5 shows the changes in the contour
v/, = —3 x 1072 with changing (.. For negligi-
ble 3. (solid trace), as we move further off-axis we
need to go to higher k to find the the same damp-
ing rate, as we would expect for cyclotron damping.
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FIGURE 5. Contours of constant /Qp as a function of
increasing .. All three contours have 8, = 0.5, the solid
curve is 3. = 107% (so as to virtually remove electron ef-
fects from the contour), the dot-dashed curve is 8. = 0.5,
and the long-dashed curve is 8. = 2.5. Electron effects
have very little effect when g, = 0.01; such a contour is
indistinguishable from the solid curve.

The minimum value of k¥ actually occurs at 6 ~ 15°,
where the two damping mechanisms combine; we can
infer from the very shallow nature of the minimum
that the cyclotron contribution is greater than that
of Landau damping but that some Landau damping
occurs. A 4-order of magnitude increase of g, from
107 to 1072 produces no clear change in 7, so we
conclude that the Landau damping observed in these
cases are due to ion Landau damping. As (. in-
creases further, electron Landau damping increases.
Damping is strongest at 8 ~ 15°-30°, where ion cy-
clotron damping also contributes, but continues to
large angles.

The other feature to note in Figure 5 is that as
Oxs — 90°, v/, — 0, and the contours become
parallel to the k-axis. The KAW, or, at least, our
linear codes, cannot address damping of rigorously
2-D turbulence. However, contours of constant 7v/w
are finite at O, — 90° for 3 of the 4 values of S,
that appear in Figure 5.

It is traditional to examine contours of constant
v/w as a comparison of the two halves of the solution
to the dispersion equation; we show such contours in
Figure 6, this time on a k—k_ plot. Figures 5 and 6
show that ion-cyclotron resonance dominates dissipa-
tion for small angles, but electron-Landau damping
dominates above the cusp.

We can attempt to attribute the origins of the var-
ious features of Figures 4 and 5 by looking at contour
plots of |k - 6E|/|k x JE|, as shown in Figure 7. To
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FIGURE 6. Demonstrating that electron resonance ef-
fects control the shape of the v/w = —3 x 1072 contour.
All three contours have 3, = 0.5; from the outside in, the
values of 3. for the three contours are 1078, 0.5, and 2.5.
The “spikes” seen in the innermost contour at intermedi-
ate angles are real; we attribute them to cyclotron effects
(n = 2, 3, 4), and the rest of the contour is dominated
by electron-Landau damping.

first order, as @ increases, so does |k - 0E|/|k x JE|;
Landau damping becomes more important. This
suggests that the cusp in Figures 5 and 6 is due to the
combined effects of cyclotron and Landau resonance
that are both efficient when 65 ~ 15°.

Note also, in Figure 7, that for small values of %
in the range 0, = 15°-30° there is a local increase
in |k - 0E|/|k x JE| that persists for all values of S,.
We might infer from this a localized enhancement of
ion Landau damping, but we cannot verify this, for
reasons explained in the following paragraph.

Notice that for almost all points in k space,
|k - 0E|/|k x 6E| decreases with increasing B.. This
is somewhat counterintuitive, as we would expect the
electron damping strength (all due to Landau reso-
nance) to increase with increasing (.. This effect is
especially pronounced in the two “wells” at § ~ 75°
in Figure 7c (8. = 2.5). We may be able to explain
this behavior as follows: as 3. increases (relative to
fixed (p) the enhanced damping affects the dispersion
relation w(k), as suggested by (2) and (3), which in
turn causes |k -d0E|/|k x dE| to decrease. For this
reason, we are not able to separate the contributions
of ion Landau and ion cyclotron damping through ex-
amination of |k - 6E|/|k x dE| alone. Pursuing this
goal by other methods (e.g., Taylor expansion of the
dispersion tensor D(k,w)) is beyond the scope of the
present paper.
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