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of mode dispersion

O. Stawickit, S. P. Gary?, and H. Li?

Ynstitut fir Theoretische Physik IV: Weltraum- und Astrophysik, Ruhr-Univat&iochum, 44780 Bochum, Germany
2LLos Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

Abstract. Magnetic fluctuation power spectra in the solar processes from longer to shorter wavelengths. The differ-
wind are commonly observed to have a power-law form with ent power-law dependencies in wavenumber are sometimes
a spectral index = 5/3 at frequencies lower than about interpreted such that the breakpoint between the two ranges
Hz. This characteristic feature of magnetic fluctuation spec+epresents the onset of collisionless damping (Denskat et al.,
tra defines what is called the inertial range and may be ded1983). Thus, the shorter wavelength regime is sometimes
scribed, in wavenumber space, by Kolmogorov diffusion. Forcalled the “dissipation range” (e.g. Goldstein et al., 1994;
higher frequencies, it has been suggested that collisionlesseamon et al., 1998, 1999, 2000). Collisionless damping of
damping of Alien and magnetosonic waves leads to steepeAlfv én and/or magnetosonic waves was used by several au-
power-laws; this regime is sometimes labeled as the dissithors in order to describe this dissipation (see e.g. Marsch,
pation range. Here we argue, based on numerical calculat991; Leamon et al., 1998; Gary, 1999; Marsch, 1999).
tions, that it is more likely that the observed steeper power- Assuming that magnetic fluctuations can be treated as an
laws result from an increase in the wavenumber diffusionensemble of linear plasma wave modes, Li et al. (2001)
rate caused by whistler-like dispersion than from collision- investigated the influence of collisionless damping of left-
less damping. The calculations lead to the prediction, thahand circular polarized Alfén and right-hand circular po-
this broken power-law feature of magnetic fluctuation spec-larized magnetosonic modes on magnetic power spectra at
tra is only observable in lov#;, plasmas. ke/w, > 1 (wherew, is the proton plasma frequency) as
a function of 3, = 8mn,T,/Bj (heren, andT, are the
proton number density and the proton temperature in energy
units, respectively) and different propagation angles with re-
spect to the background magnetic fiegl®y. Using a lin-
Observations on spacecraft show magnetic fluctuations in th%ar Vlasov theory approach fqr damplng functions, Li et.al.
solar wind over a broad range of frequencies, from well be- 2001.) showed _that, for most dlrectlo_ns of wave propagation,
damping rates increase so strongly in wavenumber that they

low the proton cyclotron frequenc§, (~ 0.1 — 1 Hz) to : g
several hundred Hz (Coleman, 1968; Gurnett, 1991). In theoverwhelm the spectral energy input from the cascade mech

anism, resulting in sharp cutoffs in fluctuation power spectra.
spacecraft rest frame, thes/t;bserved power spectrum frequen%r parallel propagating magnetosonic waves atdguLi et
f shqws a power—lqwf between~ 0.001 and 1 Hz. al. (2001) concluded that the small proton cyclotron damp-
For higher frequenciesf(> 1 Hz), observed spectra show

; . ing rate leads to continuous Kolmogorov spectra. Thus, it
steeper power-laws with an spectral index of roughief. appears that dissipation can not explain the relatively stee
Goldstein et al., 1994; Leamon et al., 1998). It is usually bp P P Y b

assumed that the observed frequency spectra correspond power law spectra observed at wavenumbers beyond the in-

wavevector spectra which are Doppler-shifted by the rapidertlal ra(r;ge. h K of Li | icki |
flow of the solar wind. Under this assumption the discus- 2§§fe on_é € \(/jvor 0 ILI it al. (2_?01)' Sta\;vur:] Ietal.
sion of power spectra is usually framed in terms of Wave—( ) considered recently the specific case of the magne-

lengths and/or wavenumbers. It is widely accepted that théosonlclwhlstler. mode fok x B = 0 and Pp < L. Un-
k~5/3 spectrum is the “inertial range” of MHD turbulence in der these conditions proton cyclotron damping is weak, so

the solar wind, presumably resulting from nonlinear cascadé;h":lt dispersion begins at wavenu_mbers considerably smaller
than those at the onset of damping and, therefore, becomes

Correspondence tdD. Stawicki more important for the diffusion of fluctuation energy at short
(os@tp4.ruhr-uni-bochum.de) wavelengths. At long wavelengths, i.e. the inertial range, the

1 Introduction
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cascading of wave energy is described by Kolmogorov dif-3 Collisionless Damping and Mode Dispersion
fusion until a breakpoint is reached where dispersion sets in.
With a faster energy transfer rate resulting from this disper-To obtain damping rates for the magnetosonic/whistler mode
sion, power spectra become steeper at intermediate wavenu@i-k x By = 0 and to develop quantitative criteria for two
bers; this is the dispersion range. At shorter wavelengthsimportant parameters, i.e. for the dissipation wavenumber
where collisionless electron cyclotron damping dominates k4 and the dispersion wavenumbgy, Stawicki et al. (2001)
the cascade mechanism is too weak to sustain power lawsed the linear Vlasov theory for fully electromagnetic fluc-
spectra, and magnetic power spectra decline precipitouslyuations under the assumption of a collisionless and homo-
with increasing wavenumber; this is the dissipation range. geneous electron-proton plasma in which both species have

Maxwellian velocity distributions and;, = T-.

Using the numerical solutions, Stawicki et al. (2001) de-

2 Energy Diffusion in Wavenumber Space rived fitting functions for the damping rates of the magne-

tosonic/whistler mode in the proton as well as in the electron
In order to describe the evolution of magnetohydrodynamiccyclotron damping range and for the real frequenggk) in
turbulence by diffusion of fluctuation energy in wavenumber order to use them in the solution of the transport equation
space, Zhou and Matthaeus (1990) derived, based on phelescribing the evolution of fluctuation energy in wavenum-
nomenological and dimensional arguments, a transport equdser space.
tion for the wave spectral density including terms for spatial For the proton cyclotron damping regime, which corre-
convection and propagation, nonlinear energy transfer acrossponds roughly t® < kc/w, < 10, an appropriate fitting
wavenumber space and a source and/or sink of wave energfunction is
For isotropic turbulence the diffusion equation for the omni-

directional spectral density’ (k) is 752 ) _ — 1 exp (*Mzkﬁg/wZ) exp ( paw? [R3e ) ()
p
oW (k 0 0
815 ) T ng(k)ak( W (k) where the fitting parameters, on the dom@if0 < g3, <
10.0, are
YW (k) + S(k 1 5

where the first term of the right-hand side represents diffu-u, = 0.80/8,°" and p3 = 1.73/30° (5)

sion of fluctuation energy in wavenumber space, expressed

by a diffusion coefficient For the electron cyclotron damping regime, Stawicki et al.
(2001) obtained, on the domainlo < f. < 10.0, for the

D(k) = k*/1,(k) . (2) fitting function the expression

Here 7, (k) denotes the spectral energy transfer time scale.y(kj)
The last two terms of the right-hand side represent, by the Q,
damping ratey(k), collisionless dissipation of the fluctua- o
tion and a source functiofi(k) for wave energy injection, ~With the corresponding fitting parameters
respectively (see also Miller et al., 1996). 0.26 0.57

Even though equation (1) is derived from phenomenologi- v = 046677 and vy = 893/6:7" )
cal and scaling arguments, it offers an attractive and tractable Gary (1999) defined the dissipation wavenumheas the
way of modeling the energy cascade process in wavenumgmallest wavenumber corresponding 82, = —0.10. Gen-
ber space. Assuming that damping is negligible for< eralising this definition in order to accomodate the higher
ka, wherekg is the dissipation wavenumber beyond which frequencies of the whistler mode, we define the dissipation
7(k) becomes important, the spectruii(k) in this (iner-  wayvenumber correspondingly to the onset of cyclotron damp-
tial) range is mostly determined bi(k), which depends ing by £3¢?/w? = 3 andw, in the fitting functions (4) and

upon the cascade phenomenology, i.e. the spectral energy) Using the fitting parameteys; andv,, one obtains in
transfer time scale,. For the Kolmogorov phenomenology, the proton and electron cyclotron regimes

Zhou and Matthaeus (1990) proposed

= -1 (kHc/wp) exp( V2w2/k”c ) (6)

kac/wy, = 1.32/B80%% and kyc/w, = 29.9/80% (8)
D(k) = Cuak™? (W (k) /2UB)"* 3)

To determine the dispersion wavenumbsgr which cor-
where C?, v4 andUp = B32/8m denote a constant, the responds to the value at which the real part of the dispersion
Alfv én speed and the energy density of the background magelation,w,.(k), begins to depart significantly from the dis-
netic field By, respectively. Upon substituting this into equa- persionless relatiow,./k =constant, Stawicki et al. (2001)
tion (1) and assuming a steady state with no damping, wealerived, based on numerical solutions to the linear dispersion
obtain the usual Kolmogorov spectrum in the inertial rangeequation, an approximate empirical fit for the real frequency
W (k) < k—*, wheres = 5/3. on the wavenumber domain< kc/w, < 4.0, which is the
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range of significant proton cyclotron damping féy lower
than about 4,

wp ) = kefw, + 0.75 (ke/wy)? | 9) _ 107 1
confirming the suggestion of Gary (1993) thatk) /2, ver- £ 1074

suskc/w, is relatively independent gf, at low frequencies o\ 6

[see Fig. 6.3 of Gary (1993)]. Estimating the onset of a clear 0 1077

departure fromv, = vk nearkc/w, ~ 1, Stawicki et al. v 1078}

(2001) found that the dispersion wavenumber for the magne- _ .

tosonic/whistler mode scales as X 10710

iy = 0.9. w0) jpf

To take into account the influence of dispersion properties 1074107%107%310"! 10° 10! 102

on the diffusion of fluctuation energy beyond the dispersion
wavenumber, Stawicki et al. (2001) assumed that the spectral
energy transfer time scale is proportional to the inverse of the
mode frequency, yielding for the corresponding diffusion co- Fig. 1. Numerical result from solving equation (1) showing the tem-
efficient, after substituting Eq.(9) into Eq.(2) and, since dis- poral evolution of the power spectrui’ (k) for 3, = 0.5 as a
persive effects are appreciable fat/w, greater than about function of the dimensionless wavenumbier/w,, where the dif-

ke/w,

unity, neglecting the first term in Eq.(9), fusion coefficient for the inertial range is given by Eq.(3), and for
the intermediate wavenumber regime by Eq.(11). The proton and
D(k) ~ Ck* , (11) electron cyclotron damping rates are given by equations (4) and (6)

. with the corresponding fitting parameters.
whereC is a constant.

resulting from electron cyclotron damping overwhelming the
fluctuation energy which cascades down from longer wave-

To solve Eq.(1) numerically we used the Crank-Nicholsonlengths in the dispersion range. With increasifgion cy-
technique. We chose)~* Gauss for the background mag- clotron damping becomes more appreciable over a limited
netic field and30 km s~! for the Alfvén speed. Through Wwavenumber range in the dispersion regime resulting in a
the source functiors(k), we injected fluctuation energy at short-range dip in the power spectrum, followed by a dis-
kc/w, = 0.002 with a rate of 107 erg cnm® s7'. In persive regime iV (k) with s = 3 until the cutoff spec-
contrast to Li et al. (2001) who assumed that Kolmogorov trum of the electron cyclotron dissipation range is reached at
diffusion is the only energy transfer process, we here usediac/w, =~ 20. Finally, at3, = 4.5, proton cyclotron damp-
equation (11) fotD (k) at intermediate wavenumbers. ing becomes strong enough to completely absorb the fluc-

Figure 1 illustrates the temporal evolution of a magnetictuation energy cascading down from the inertial range, no
power spectrum fof, = 0.5, showing that steady-state con- dispersion range is evident, andkgt/w, ~ 0.4 the proton
ditions are attained relatively quickly, due to the increasedcyclotron dissipation range, with its cutoff power spectrum,
energy flux rate in the dispersion range [cf. Fig. 2 in Li begins.
et al. (2001)]. We obtain the usuat>/3 power spectrum In summary, increasing, leads to a shrinking of the dis-
in the inertial range and, beyond the dispersion wavenumbepersion range, resulting from the shifted onset of the electron
koc/w, ~ 1, a steeper power-law with = 3 in the dis-  cyclotron dissipation range to lower wavenumbers. Finally,
persion range, followed by an even more rapidly diminishingat higherg, values the dispersion range disappears and is re-
“cutoff” spectrum beyond the electron cyclotron dissipation placed by the ion cyclotron dissipation range with its strong
wavenumbek c/w, ~ 30. Since proton cyclotron damping cutoffs.
is relatively weak at low values g¢f,, an influence of the ion
cyclotron dissipation wavenumber is negligible.

Figure 2 illustrates the influence of magnetosonic/whistler5 Conclusions
dispersion and damping on late-time, steady-state magnetic
fluctuation power spectra in our model. Here we considerWe used a model of weakly turbulent magnetic fluctuations,
three values fop, and obtain in the inertial range tie°/3 Kolmogorov diffusion of fluctuation energy at long wave-
power spectrain each case. Near the dispersion wavenumbdengths and collisionless proton and electron cyclotron damp-
k.c/w, ~ 1, the character and properties of the power spec4ng at intermediate and short wavelengths, respectively. To
tra changes sensitively as functions@t Therefore, we re-  consider the influence of wave dispersion on solar wind mag-
gard the wavenumber domain which is definedchyand the  netic power spectra we used, based on dispersion and damp-
electron cyclotron dissipation wavenumldgras the disper- ing of the magnetosonic/whistler mode derived from linear
sion range and shorter wavelengths as the dissipation rang®Jasov theory, a modified fluctuation energy transfer rate

4 Numerical Calculations
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