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Alfvén wave heating of heavy ions in the expanding solar wind:
Hybrid simulations

Petr Hellinger,1 Marco Velli,2’4 Pavel Trévnl’éek,l S. Peter Gary,3 Bruce
E. Goldstein,4 and Paulett C. Liewer?

Abstract. We present hybrid expanding box simulations of the intévacof left-handed
Alfvén waves with protons, alpha particles and a tenuouysufation of oxygen &. The Alfvén
waves are initially nonresonant with the ions and the exjpanbkring them to the cyclotron
resonance with & ions, then with alpha particles, and finally with protonseTéimulations
show that G ions are efficiently heated in the directions perpendictdathe background mag-
netic field, but are only slightly accelerated. Oxygen sratg has a finite time span and sat-
urates mainly due to the marginal stabilization with resgecthe oxygen cyclotron instabil-

ity generated by the temperature anisotropy. During thétestag oxygen ions are able to ab-
sorb only a limited amount of available fluctuating energyl,afor the parameters used in the
simulations, their presence has a minimum influence on afjaitacles and protons.

1. Introduction for each ion species with gaps around each ion cyclotrouéeay.
Such a gap would impede wave energy transfer to the next highe

Solar coronal heating still presents many unsolved myeseri ion cyclotron resonance. The more physical, linear Viasmoty
which, for the open solar corona, are confounded by the tapie  in a Maxwellian plasmal§enberg 1984] shows that these gaps
sition from a collisional to a collisionless plasma. SOH@@&p are not always present; they disappear for sufficiently hestudfi-
craft observations of strong temperature anisotropiesinbmons  ciently tenuous ions. Furthermore, a non-zero differéntgdocity
[Kohl et al, 1998;Li et al.,, 1998] indicate heating perpendicularof a resonant ion species with respect to another ion spetigs
to the background magnetic field. A natural source of suchifga remove the gap so that fluctuation energy may go to the nekt hig
is the cyclotron resonance with Alfvén left-handed wawasde- est ion cyclotron frequencydomberoff et al.1996]. An extension
scribed in the reviews byu and Marscl{1995] andHollweg and  of the linear analysis to bi-Maxwellian distributions indte that
Isenberg[2002]. ion temperature anisotropies do not change the frequerspedi

One possible source of cyclotron resonances of the ions wision, but rather change the damping/growth rate Qffnan et al,
the waves is the frequency sweeping mechanism [Bwgand 2001;Gary et al, 2001a]. In general, the dispersion/damping of
Marsch 2001, and references therein]. As low-frequency, lefthe cyclotron waves strongly depends on the resonant pocio
handed Alfvén waves propagate upward in the coronal hdles tthe distribution function; the cyclotron resonant corutitof a left-
ambient magnetic field decreases (as does the ion cyclotesn fhanded, parallel propagating wave witandw (assumingt: > 0
quency) so that the waves eventually become resonant witbrmi andw > 0) with ion species reads
ions with the lowest gyrofrequency. These ions are heatdchan
celerated by the (quasi-linear) resonant interactions Expected kv = w — Wes 1)
that the amount of energy absorbed by minor ions which are low
in abundance is small and that the heating and acceleradior s (for symbol definitions see Appendix).
rate. The ions with the second lowest gyrofrequency aretin tu  Quasi-linear modelsalinsky and Shevchenkg000;Cranmer,
heated and accelerated, and so forth. The key questionsoé¢bi  2001;Vocks and MarsgH2002] stress the fact that diffusion result-
nario is the saturation mechanism which determines the atraiu ing from the cyclotron resonance generates non-Maxwetlign
available energy for each ion species, most importantlyafpha tribution functions. Cyclotron diffusion leads to a forriwat of a
particles and protons. quasi-linear plateau in the resonant region of the velodiggri-

The cyclotron wave-particle interaction in the context bét bution functions upon which cyclotron waves become maitjina
corona and the solar wind has been studied using a wide rdngestable. This plateau resulting from the interaction wittpactrum
models with varied approximationsipliweg and Isenberg2002]. of non-dispersive left-hand polarized, parallel propagatvaves
These models give often very different predictions so thairtre-  consists of surfaces, shells centered around the wave phbse
sults indicate a need of a self-consistent approdchapd Marsch  ity:

2001]. Models of this wave-particle interaction includéseblr
Vlasov analysis, quasi-linear models and direct kinetimsations. 9

Linear analyses give information about wave dispersion and (U” B E) + vl = const. @
damping properties. The cold plasma approximation shoast th
for strictly parallel propagation there exists a left-haddoranch In a case of dispersive waves the plateau becomes more eompli
cated [senberg and Leel996]. In situ solar wind observations
[Marsch and Tu2001] indicate existence of such plateaux in pro-
ton distribution functions.

The quasi-linear models bZranmer [2001] and Vocks and
Marsch [2002] showed that the minor ions are strongly ener-
gized by the cyclotron waves. The energization saturates ne
marginal stability and the remaining wave energy is avédldbr
the higher gyrofrequency ions. The two models also inditaa¢
low-abundance ion species may absorb most if not all of the flu
Copyright 2005 by the American Geophysical Union. tuating energyCranmer[2001] suggest that other mechanisms are
0148-0227/05/2005JA011244%$9.00 to be invoked to account for observations [e.g. of Qf. Kohl
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et al, 1998]. However, the models o€fanmer 2001;Vocks and

Marsch 2002] are limited by the fact that they neglect the influence

of minor ions on the dispersion relation.

To date there are few kinetic numerical simulations of the cy

clotron interaction.Ofman et al[2002] andXie et al.[2004] used

a hybrid code where the wave energy was continuously injecte

into the simulated system. On the other hdnéwer et al.[2001]
used a hybrid expanding box model which in an idealized way i
cludes solar wind expansion and the frequency sweepingtefid
these numerical studies indicate that the cyclotron ictera is not
efficient for ion acceleration and show rather strong enzextipn
of minor ions in the perpendicular direction in agreemerthwtie
character of the cyclotron resonance (equation (2) and thitre-
sults of the quasi-linear models. The numerical studiegesithat
saturation is is not due to the dispersion change owing tanan
creases of the ion/ion differential velocit@pmberoff et al.1996].

In this paper we investigate the frequency sweeping meshani
using the hybrid expanding box moddli¢wer et al, 2001]. We
consider a plasma consisting of electrons, protons, alphiécfes
and a tenuous population 0O The system is initialized with
a flat spectrum (i.e. with a zero spectral index) of low-aroplée,
low-frequency left-handed Alfvén waves. The initial wa\ae rel-
atively far from the resonance with ions and as the systerared®
the waves become resonant with ions; ®eing the first resonant
species. We investigate the evolution of the expandingsysind
concentrate on the heating and acceleration of tHedds and the
corresponding saturation mechanism.
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Figure 1. Model solar wind Casalbuoni et al.1999]: (left)
The solar wind velocity/ as a function of the radial distanég
(right) Transverse and radial characteristic expansioresit ;.
andt; (in units of the inverse local proton cyclotron frequency
wep) as functions oR. R is given in units ofR¢

Figure 1 shows that solar wind expansion times to and beyond
1 AU are much greater than the local proton gyroperiod. In the

The paper is organized as follows: First, we describe the sirorona the two expansion times andt are comparable, but fur-

ulation method and its theoretical properties (sectionT2jen, in
section 3, we study the evolution of the expanding plasmatlaad
frequency sweeping mechanism in a case of a transversesapan
(subsection 3.1) and in a case of a combination of the trassend
radial expansion (subsection 3.2). In subsection 3.3 wesinyate
the property of the saturation using a set of simulation$ wlif-
ferent initial conditions and expansion types. Finallysettion 4
we discuss the simulation results within the context of olagéns
and theoretical models of the evolution of MHD turbulencéhe
outer corona and accelerating solar wind.
symbol definitions.

2. Hybrid expanding box model

In this paper we use a modified version of a 1-D hybrid codce/

[Matthews 1994;Hellinger et al, 2003a, b], a Hybrid Expanding
Box (HEB) code. The HEB code captures some of the effects
the global solar wind structure on the local plasma. Thedaktr
wind propagates from the sun and its velodifyhas roughlytanh
dependence on the distance from the sue= |R| and is roughly
radial, U = UR/R whereU = |U|. At a given distancer the
radial flow with the velocityU translates locally as an expansion
If we consider a small volume of plasma, its transverse adihra
sizesl, andl; expand as

i,
dt

_ U,
U,

respectively. The transverse and radial expansion is cteaiaed

by

) -1
the transverse and radial expansion time, respectivelgurgil
shows the solar wind velocity (in km/s), the transverse and ra-
dial characteristic expansion times andt (in units of the inverse
local proton cyclotron frequeney.,) as functions of the radial dis-
tanceR from the sun (in units of the solar radiug;) in a model

solar wind [cf.Casalbuoni et a|.1999]. This is a fluid model with
proton and electron temperatures empirically determinefit bb-

iy du

and -5 = gl

®)

dv
dR

= g and t“ = ( (4)

t1

ther from the sun the transverse expansion dominates.

In HEB computer models expansion is induced by an external
force that drive the physical lengthsto evolvex = L - £ whereL
is a diagonal matrix. = diag (L, L1, L1 ) with

LJ_(t):1+t/tl and L||(t):1+t/t|| (5)

following equation (3). The code solves the evolution ofgiistem

In Appendix Wee giip the coordinateg andy = d¢/dt co-moving with the expansion,

seeHellinger and Travnicek005] for a detailed description of the
general governing equations.
Units of space and time are the initial proton inertial léngt
wppo and the inverse initial proton cyclotron frequentytocyo,
respectively (for symbol definitions see Appendix). Fieddsl mo-
gfents are defined on a 1-D grid witN, = 2048 grid points
with the spatial resolution if\z = ¢/wppo SO that the box size
is L, = 2048¢c/wppo. The code uses the periodic boundary con-
ditions and there ar@024 particles per cell for protons;12 for
alpha particles, and28 for other ion species. The time step for
the particle advance At = 0.025/wcp0, While the magnetic field
B is advanced with a smaller time stég g = At/4. The initial
background magnetic field Bo = (Bo,0,0).

During the simulation the plasma expands and the plasma prop
erties vary with time; the density decreases as

noc LT°L™ (6)

Flux conservation in the expanding box implies that theakbahm-
ponentB) of the magnetic field decreases as

BH X LiQ, (7)
whereas the transverse components should decrease as
By, o< LTIy (8)

servations at 1 AU and close to the sun, including magnetid fighut, because transverse magnetic field fluctuations arelembup

strength, density, turbulence amplitudes, temperatunes their
measured gradients.

velocity fluctuations in Alfvén waves, one expect transeemag-
netic field fluctuations to follow WKB behavior, see below.
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If the plasma expansion is slow compared to the ion gyration The ion distribution functiongs are initialized as

period and there are no additional kinetic heating or acagt:n
processes, one expects that the first and second adiabati@irt
are conserved so that, as follows from equations (6) andh&)pn
temperature anisotropy, parallel beta and Alfvén velostiould

evolve as
2
B (L
n2 Ll

n® L%
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(where we have neglected transverse magnetic field fluonsti

and setB = | By ).
An amplitude of fluctuating magnetic fieldB for an Alfvéen

_(v—ug)?

_ _ Ns 202
fs = fs(x, t,V) = 71_3/27%6 ths (15)
where the mean velocity, of the species is given by
(16)

_ Wk 1 0Br i(ho—wptto

u, = — ; - (_75711) B_Oe ( kt+or)
Note that the distribution functions (equation (15)) ar¢ acta-
tionary solution of the Vlasov equation owing to the supsiion
of different wave-vectors (the notion of linearity is diféat in the
MHD and the Vlasov approximations) and even owing to second
order thermal terms irv for each mode. In order to avoid any
possible problems with the fact that equation (15) is not>ace

wave withw = kva in a slowly expanding plasma is expectedstationary solution of the Vlasov equation, we start theubitions

to follow WKB approximation. The wave actiofi = §B?/w is

conserved

When we take into account that the volume increases’a5,
that a parallel wave vector decreaseslas and that the Alfvén
velocity follows equation (9) we have [diiewer et al, 2001]:

58
w

d*z = const. (20)

0B o L7*2 L%

11)
In the following section we present effective perpendicite

temperatures (equation (Al)) which include a contribufrom the
Alfven fluctuating velocities. If we denot&u as the amplitude of
the Alfvén fluctuating velocities withu oc 6 B and assuming CGL
and WKB behavior, equations (9) and (11) imply that the abatr
tion of the Alfvén fluctuating velocities to the effectivemperature
anisotropy scales as

(u)®
T

o L/*L7°. (12)

This implies that the late-time contribution of the flucingtveloc-
ities should be small in our simulations.

3. Simulation results

with cold ions.

All our simulations consider a plasma with protons, alphe pa
ticles and a small abundance of'Qons. All the species are ini-
tially isotropic, and low beta values are used in all runsot&ms
have G0 1072, alpha particles have,/n. = 5 - 1072 and
Bao = 5.5 -107*, and oxygen & ions haveno/n. = 107*
andfoo = 2.2 - 1075, Table 1 provides an overview of the initial
parameters for the simulations we study in the next sulmeti
It is important to note that for the plasma parameters givena-
ble 1 the Vlasov linear theory predicts a cold plasma-lilgpdision
(equation (14)).

3.1. Transverse Expansion

First we investigate a plasma in a slow expansion with thestra
verse expansion time. = 2000 and no radial expansior,; = 1
in run 1. During the expansion the frequencies of the Alfwaves
increase with respect to the ion cyclotron frequencies theé oxy-
gen G* which first becomes resonant with the waves:* @ns
are heated and accelerated via the cyclotron resonancer, béer
the oxygen heating is saturated, the alpha particles atedhesnd,
finally, also protons are heated.

For run 1, Figure 2 (left) displays the parallel temperatiije

We now investigate the interaction of Alfvén waves in a mult and (right) the effective temperature anisotraBy. /7)., as func-

ion plasma, using HEB simulations of wave-particle intémats
including protons, alpha particles and a small abundanosyajen

O°". FollowingLiewer et al[2001] we initialize all the simulations

with a flat spectrum of parallel propagating, left-handerd;utarly
polarized waves: Initially, there arg, = 50 modes of wave vec-
tors k ranging fromkmin = 27/L. ~ 0.003c/wppo (the mini-
mum wave vector in the periodic box with the sizg) t0 kmax =

tions of time for the three species: (solid) protons, (dd¥fapha
particles, and (dash-dotted®© Solid circles denote the time of
the oxygen maximum temperature anisotropy. Note that tfecAl
fluctuating velocities contribute to the effective perpienthr tem-
peratures, see equations (12) and (Al). The ion parallepéem

1007/ Ls =~ 0.153¢c/wppo, With 6By L By. These modes have ature follows quite closely the CGL predictions (i.e. halmast

random phases; and the same amplitud@®B|/Bo = 5x 1073,

0B = oBye!trmertton)
k

(13)

constant values); only in case ofQhere is a clear sign of the par-
allel cooling before the saturation time (Figure 2, left parsolid
circle) and a parallel heating just after this point. Thesrattion
between the ions and the spectrum of Alfvén waves results in

wherek andwy, are related through the cold-plasma dispersion rgperpendicular heating. The heating induces a strong teahper

lation

MsNs

1 “&
Wes

= pv3 k2. (14)

2
wid
S

The initial wave beta ig,, = 1.25 x 10~3. The cold-plasma dis-
persion relation, equation (14), has many different sohdi We
choose the solution with the lowest-frequency (oxygenhbinecor-
responding to MHD Alfvén waves.

anisotropy for G* att ~ 2¢t, and slows the adiabatic perpendic-
ular cooling of the alpha particles at~ 3¢, and the protons at
t ~ 6t (Figure 2, right panel). The duration of heating of oxygen
ions and alpha particles has a time span of affewAfter this time
the heating saturates. The oxygen parallel heating afeesd#tu-
ration may be a consequence of the oxygen cyclotron inggabil
driven by the strong temperature anisotropy.
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Table 1. Initial parameters of the HEB simulations

Run "O/ne Bo t | Wepo t”wcpo
1 2x107% 22x107% 2x103
1b 2 x 103
2 2x107% 22x1076% 2x103 4x103
2b 2x 103 4x103
3 2x107% 22x1077 2x103
4 2x107% 22x107% 2x103
5 2x107% 22x107% 2x103
6 2x107% 22x107% 2x10% 4x103
7 2x107% 22x107% 2x10% 8x103
8 2x107% 22x107% 2x10% 8x103

Bp =1072, no/ne =5 x 1072, Bq = 5.5 x 104
Bw = 1.25 x 1073, [6By|/Bo = 5 x 1073k°
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Figure 2. Time evolution in run 1: (left) the parallel tempera-
tureT), (in arbitrary units) and (right) the effective temperature
anisotropyI’; s /7)., as functions of time for the three species:

(solid) protons, (dashed) alpha particles, and (dastedpt*.
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velocities with respect to protons. There is no discerndseel-
eration of protons. For oxygen iongo/va increases even after
the saturation; this may partly be a result of the oxygenatych
instability but mainly it is a consequence of the fact, tiet focal
Alfvén velocity v4 decreases with time, as in equation (9).

A noteworthy simulation feature is the oxygen heating satur
tion in the region where the bi-Maxwellian linear theory girgs
growth of the 3" cyclotron instability; the saturation lies close
to the theoretical marginal threshold of this instabilifyigure 3
indicates that the © cyclotron instability is active and may ex-
plain the parallel oxygen heating (see Figure 2, left partev-
ever, the comparison between the linear theory and the ationk
is at most semi-quantitative: First, the linear theory ikakated
for bi-Maxwellian oxygen ions whereas the actual oxygerrdis
bution function is relatively far from a bi-Maxwellian shagsee
below). Second, the perpendicular temperatures includé&iba-
tions from the Alfvén fluctuating velocities; however etjoa (12)
predicts that the contribution of the Alfvén fluctuatinglogties
rapidly decreases as the system expands.

Solid circles denote the time of the oxygen maximum tempera-

ture anisotropy.

The expanding box model replaces the spatial dependenbe of t

solar wind with the temporal one; the time dependence ofreigu
gives essentially the radial dependence?as 1+ ¢/t . The time
(as well as the radial distance) is also related to the plgsamam-
eters agf|, and T’ /T),; this relation is simply the CGL equa-
tion (9) when no wave-particle interaction is present bumisre
complex otherwise as shown in Figure 3: The left panel of Figu
shows the system evolution as a path in the spggg ("L /7))
for the three species: (solid) protons, (dashed) alphactest and

(dash-dotted) &. Solid circles denote the time of the oxygen max-

imum temperature anisotropy whereas the dotted curvegel¢m®
prediction of CGL theory. This panel clearly demonstratesde-

parture of the ion behavior from CGL theory which appearsd firs

for O%*, then for the alpha particles and, finally, for the protons.

In order to compare simulation results with the linear the-

ory we have investigated the growth rateof the oxygen cy-
clotron instability in a homogeneous plasma which considts
isotropic Maxwellian electrons, protons and alpha pagtcnd of
anisotropic bi-Maxwellian oxygen ©ions. Namely, we have cal-
culated the dispersiow = w(k) for wave vectors in the inter-
val 0.01 < k < 2.5 for a set of oxygen parameterd0~" <

Bjo < 10and1 < Ti0/Tjo < 100. The temperatures of
alpha particles and protons are assumed to be mass-pargarti
Ts = msTjo/mo and the electron beta . = 0.1. For each
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Figure3. Evolution in run 1: (left) The system path in the space
(By1s» T'Ls /T ) for the three species: (solid) protons, (dashed)
alpha particles, and (dash-dottedj'O The dotted curves de-
note the corresponding predictions of CGL theory and thg-gra
scale plot denotes the region unstable with respect to theyd

Bjo and T o /Tjo (and the corresponding temperatures of pro- ciotron instability (in bi-Maxwellian plasma). (right) Ehsys-

tons and alpha particles) we have calculated the maximumthgro
rate~ in the interval0.001 < k£ < 1.5. The result of this calcula-

tion, v = v(80,TLo/Tjo) is shown in Figure 3 as a gray-scale

plot: Darker gray denotes stronger instability whereastevborre-
sponds to stable or marginally stable region. The boundetiyden
the white and gray regions of Figure 3 corresponds to thesvafu
the maximum growth rate = 10~ “w., and may be approximately
given in a form Pfman et al. 2001;Gary et al, 2001b]

Ne Mp

Tio/Tjo —1~0.7(B0 )04, (17)

no mo

The right panel of Figure 3 shows the evolution of run 1 in th(?redictions of equation (11) when far from the ion cyclotres-

space s, v|s/va) for the three species: (solid) protons, (dashe
alpha particles, and (dash-dotteo‘)*Q;HS is the mean parallel ion

velocity andv 4 is the local Alfvén velocity, Figure 3 (right panel)

shows that the wave-particle interactions also give risedifferen-
tial velocity between different ion species, as was presipghown
by [Liewer et al, 2001]. The &' ions are only slightly acceler-
ated (with respect to protons); the oxygen/proton velo@tyains
a small fraction of the local Alfvén velocity. Note that eftalpha-
particle saturation the alpha particles are deceleratatkyative

tem path in the space oB{,, v|;/va) for the three species:

(solid) protons, (dashed) alpha particles, and (dastedpt*.
Solid circles denote the time of the oxygen maximum tempera-
ture anisotropy.

The heating and acceleration of different ion species isdn
the expense of the Alfvén wave energy. It is interestingit@sti-
gate the amount of wave energy absorbed by the differentespec
The fluctuating wave energyB is expected to follow the WKB

nances. The evolution of the wave energy is shown in Figure 4
The left panel of Figure 4 shows the gray scale plot of the tlaist
ing magnetic field B multiplied by the WKB facto1 +¢ /¢, )*/?
as a function of wave vectdr and timet. The overplotted curve
show the approximate cyclotron resonance condiion = wes
(see equation (1)) for (solid) protons, (dashed) alphaglest and
(dash-dotted) &.
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ity distribution of &* at maximum temperature anisotropy is far
from bi-Maxwellian and is partially shell-like as documedtin
Figure 5. Figure 5 shows the reduced (i.e., gyrophase asdjag
oxygen distribution functiorfo = fo (v, v.) (left) at the time of
the maximum anisotropy (see Figures 2 and 3, solid circlad) a
(right) at the end of the simulation. Note that the Alfvéenctiu
ating velocities contribute to the perpendicular velestand that
f(v,v1) has been calculated from equation (A2) with a singu-
lar regionv; ~ 0. The singular region is not consequently well-
represented. The reduced distribution function at the tiinthe
temperature anisotropy is relatively complex, probablyngyto the
combination of the three processes taking place at the same-t
transverse expansion, interaction with the initial, ptapaisper-
sive, Alfvén wave spectrum and growth of the oxygen cydotr
4 & 8 10 Iinstability (the contribution of the Alfvén fluctuating heities at
t/ty the saturation is not important as may be argued in similgragan
equation (12)). We shall return to this problem in the nextise
Figure 4. Time evolution in run 1: (left) The gray scale plot comparing the results of runs 1 and 2. Figure 5 (right parr@js
of the fluctuating magnetic field B multiplied by the factor  the oxygen distribution function at the end of the simulatidhe
1+ 1&/11)3/2 as a function of time& and of wave vectok. distribution function keeps the signature of the cyclotsoattering
The overplotted curves show the approximate cyclotron-resoonly for v; < 0.02v4. The distribution is shrunk im. and pro-
nance conditiorkva = w.; for (solid) protons, (dashed) alpha |onged inv; as a result of the CGL-like behavior. Figure 5 (right
particles, and (dash-dotted)"O (right) The gray scale plot of panel) indicates that the particles (with > 0.02) are not resonant
the fluctuating magnetic fieldBy,,,, multiplied by the WKB  yith the imposed waves.
factor(1+t/t1)*? as a function of time and frequencw nor-
malized tow.,. The overplotted lines show the ratio.s /w.p
fog (solid) protons, (dashed) alpha particles, and (dastted) 0.20 [T T 0,20 [T T e
o™

k C/ Wppo

10

4 6
t/t,

The right panel of Figure 4 shows the gray scale plot of the fluc 0.10F 1 olor
tuating magnetic field By, .. for the wave vectok,.x as a func- 2
tion of timet and frequencw (normalized tav.,). The spectrum
0Bg,.... (t,w) was calculated using the Morlet wavelet transform
[Torrence and Compdl998] of 4 By,,..... (t). The overplotted lines
show the cyclotron frequeney.s /w., for (solid) protons, (dashed)
alpha particles, and (dash-dotted)'O

Figure 4 (left panel) shows that the wave amplituidg;, for

v1/va
o
o
o
‘
o
o
o

the different wave vectork indeed follows the WKB prediction of -0.10¢ 1 -010¢
equation 11
t \3/2
5B(1+_) ~ const (18) 0200ttt et -0200 e e e
tJ_ -0.1 0.0 0.1 0.2 -0.1 0.0 0.1 0.2
UH/UA ’UH/’UA

when far from the ion cyclotron resonances. The level of fluct
ation only slightly changes when passing through the oxygsn ; T
onance whereas the passage through the alpha resonance darﬁbgur,e 5. Gray scale plot of the reduged oxygen d'St,r ibution
significantly the wave amplitude. Figure 4, right panel, foons ~ function fo = fo(vy,v.) (left) at the time of the maximum
this result:"the evolution of the frequency 6By, does show temperature anisotropy (see Figures 2 and 3, solid cireled)
not any significant change near the cyclotron resonance®f O (right) at the end of the simulation.

Figure 4 indicates that the amount of energy absorbed byeaxyg

is small with respect to the available wave energy. Fi%urdsd a

clearly shows no cold plasma-like frequency gap at t ¢ Q- The results of run 1 indicated that the amount of fluctuatimg e
clotron frequencyv.o but indicates a presence of such a gap negfgy absorbed by © is small and that the presence of‘@oes not

the alpha cyclotron frequenayca. The frequency spectrum re-; ; ymthe-
mains below the alpha cyclotron frequency which seems tokblo'mtluence alpha particles af‘d protons. |r_1 order to test the
the energy from passing closer to the proton cyclotron feagy  S1S We performed run 1b without¥but with the other parameters

wep Where the resonance with protons is more efficient — the swedgentical to the those of run 1 (see Table 1). Run 1b givesnesse
ing mechanism is blocked. Note that due to the finite-tima dat tially the same results for alpha particles and protons asiri. On
terval used for the wavelet transform the wave spectrumui€id, the quantitative level the maximum relative differencetia fluctu-
right panel) has some artificial features near the two botesta ating magnetic energies in run 1 and 1b is about 1.5 %; thierdif

the cut-off neart = ¢, the two or three lines fow ~ 0.2wcp . .
att > 6t., and the amplitude enhancement neae 10t for ence is mainly the amount of energy absorbed by the oxygén O

w > 0.5wep. (the wave energy emitted via the cyclotron instability igligble).
Figures 2 and 3 indicate presence of oxygen cyclotron iiistabComparison of runs 1 and 1b indicate that in the present ¢ese t
ity. On the other hand, Figure 4 shows no discernible inereds oxygen G* has a status of test particles and its presence has little
the wave amplitude which would correspond to this instabilA o no influence on alpha particles and protons. We have peefdr
natural explanation of this result may be the small abunelasic , 5ygiional set of simulations with small abundancest{efadr-

g?gag?glg?ﬁééngeﬁ?ﬂg%l;iﬁ?gnaifs?géﬁig?_emlt only a smalLamo der of 10°°%) of O**, O%* and Md"*. In these simulations we have

If the heating and acceleration oPQsaturates, one expects for-observed a similar behavior as in run 1: The presence of timése
mation of the quasi-linear plateau (equation (2). Indeedvilloc- nor ions had little or no influence on alpha particles and grst
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In addition simulations with different combinations of #eeminor region unstable with respect to the oxygen cyclotron irntalgin
ions no influence on each other was observed.

bi-Maxwellian plasma). Moreover, the evolution after sation
3.2. Radial Expansion

The outward flow of the solar wind gives rise to both a trar]sgxhlblts features of a marginal stability path [efellinger et al,
verse and a radial expansion of the plasma. Both expansions i ‘Ualli PR ;
portantly influence solar wind properties. The main feanifréhe bOOSb,Helllnger and Travnicek2005] with respect to the oxygen
radial expansion is that it cools parallel temperatures.w8a@ex-
pect temperature anisotropies in the double expansioniaiions
be significantly different from those in the case of run 1 with
radial expansion.

In run 2 the same initial conditions are used as in run 1; how- . .
ever, we added the radial expansion with the expansiontjme '€ only slightly accelerated (with respect to protons dxy-
2t = 4000 (see Table 1). The evolution of the system in run
is shown in Figure 6 which displays (left) the parallel temgeare
Tys and (right) the effective temperature anisotrdpy, /T, as . i i .
three species: (solid) protons, (dashed) alpha partiated,(dash- ) . .
dotted) G*. Solid circles denote the oxygen maximum temperdarticles and protons. For oxygen iong, /v increases even after
ture anisotropy point. Figure 6 demonstrate the effect ef rdn ) o
dial expansion — the parallel cooling: Figure 6 (left parstipws the saturation; this is may partly be a result of the oxygesiatyon
that the parallel temperatures of protons and alpha pestillow
quite closely CGL predictions whereas oxygen ions are amdit instability but mainly it is a consequence of the fact, tit local
ally cooled in the parallel direction before saturation drehted
afterward. Figure 6 (right panel) shows that oxygen ionsnaoee-  Alfvén velocity v4 decreases with time, as in equation (9).
over strongly heated in the perpendicular direction whepratons
and alpha particles are only slightly heated. The duratibthe
oxygen heating has a time span of only a few After this time
the heating saturates similarly to the case of run 1.

instability.

Figure 7 (right panel) shows that at the same time oxygen ions

2 o . , .
gen/proton velocity is a small fraction of the local Alfvealocity.

TLS/,THS

| L | L | L | | L | L | L |
108 104 102 10° 100 10% 102 100

lls Pls

108 wll
0 15 0 5 10
n

1 Figure7. Evolution in run 2: (left) The system path in the space

(Bys» T'Ls /T ) for the three species: (solid) protons, (dashed)
alpha particles, and (dash-dottedj'O The dotted curves de-
note the corresponding predictions of CGL theory and thg-gra
scale plot denotes the region unstable with respect to fie O
cyclotron instability (in bi-Maxwellian plasma). (righthe sys-
tem path in the spacé(,, vs /va) for the three species: (solid)

Figure 6. Time evolution in run 2: (left) the parallel temper-
atureT), (in arbitrary units) and (right) the effective temper-
ature anisotropyl'; s /T), as functions of time for the three
species: (solid) protons, (dashed) alpha particles, aadh{d
dotted) G*. Solid circles denote the oxygen maximum tem-

perature anisotropy point. protons, (dashed) alpha particles, and (dash-dottétl) Solid
circles denote the oxygen maximum temperature anisotropy
point.

Figure 7 displays the evolution of ion parameters in the same
format as used in Figure 3: The left panel of Figure 7 showsyise
tem path in the space(,, T' s /7)) for the three species: (solid) ~ The evolution of wave energy in run 2 is shown in Figure 8
protons, (dashed) alpha particles, and (dash-dottétl) The dot- o )
ted curves denote the prediction of CGL whereas the gralg-scéin the same format as in Figure 4). The left panel of Figure 8
plot denotes the region unstable with respect % €yclotron in-
stability. The right panel of Figure 7 shows the system patthe shows the fluctuating magnetic fiefd3 multiplied by the factor
space )5, vjs/va for three species: (solid) protons, (dashed) alf1 + ¢/t.)%/2(1 + t/t,)*/* as a function of time and the ini-
pha particles, and (dash-dottedj*OSolid circles denote the oxy-
gen maximum temperature anisotropy point. tial wave vectorko. The overplotted curves show the approxi-
Figure 7 (left panel) clearly demonstrates the departurthef
ion behavior from CGL theory which appear first foP'Qthen for mate cyclotron resonance conditibns = w., for (solid) protons,
the alpha particles and, finally, for the protons. The maxinoxy-
gen temperature anisotropy is higher than in run 1 and lighén (dashed) alpha particles, and (dash-dottetf) O
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right panel). A comparison between the two panels of Figure 9
indicate some diffusion, presumably due to the instability
04 T T T T T 04
Ry 0.2 1 02
2
0.10
S 0.0 L 41 o0.0f .
5 10 15 5 10 15 02r 1
t/t, t/t,
Figure 8. Time evolution in run 2: (left) Gray scale plot Y RN E I B . I S I S
of the fluctuating magnetic field B multiplied by the factor 010 -005 Uof& 005 010 -0.10 -0.05 vof& 0.05 010
(1+t/t1)*?(1+t/t))** as afunction of time and the initial 17 17
wave vectorko The overplotted curves show the approximate o
cyclotron resonance conditidtws = w.s for (solid) protons, Figure 9. Gray scale plot of the reduced oxygen distribution
(dashed) alpha particles, and (dash-dottedl). Qright) Gray function fo = fo(v,vL) (left) at the maximum temperature
scale plot of the fluctuating magnetic fieddy,,,,. multiplied anisotropy (see Figures 6 and 7, solid circles) and (righthe

by the factor(1 + ¢/t 1)*/*(1 + t/t;)*/* as a function of and end of the simulation.
w/wep. The overplotted lines show.s /w., for (solid) protons,

(dashed) alpha particles, and (dash-dottetf) O Returning now to Figure 5, we interpret the distribution abm
imum oxygen ion anisotropy as reflecting pitch-angle scaige

The right panel of Figure 8 shows the fluctuating magneticlfiel.bOth by the imposed spectrum and by the electromagneticenxyg

5B for the wave vectok. .. as a aray scale plot as a function®" anisotropy instability. The former corresponds, asiguFe 9,
Kmax max @S a gray P to the relatively large perpendicular energy ions, whetbadatter
of time ¢t and frequencyw (normalized tav.,). The spectrum was

calculated using the wavelet (Morlet) transform of the tisegies is the more dense, relatively isotropic center of the latestistri-

of 3B, ... The overplotted lines show the cyclotron frequencbutlon. The instability propagates both parallel and gatiallel to

8 . he background magnetic field, so the consequences of iteisca
‘a’git/e“ac)l’c;?r (solid) protons, (dashed) alpha particles, and (das 1g are to increase the spread in the parallel velocitieb@biygen

Figure 8 (left panel) shows that the wave amplitut8, for ions, yielding the relatively isotropic, relatively densenter of the

the different wave vectork indeed follows the WKB prediction of lat(wgn;iggs}%zlé“&%Iggrﬁtu%ﬁt{%agﬂ sveiltr;]etlhcg oFtlﬁgrr%:rameters

equation (11) identical to the those of run 2 (see Table 1). Run 2b givesnesse
4/ 3/4 tially the same results for alpha particles and protons asifn2.
SB (1 n i) 8/ 14 t ~ const (19) The maximum relative difference between the fluctuating metig

ty energies in runs 2 and 2b is about 6 %; this difference is mainl

the amount of energy absorbed by the oxygéf. @n the case of

when far from the cyclotron resonance with the ions. Thelleveadial expansion the absorption of wave energy be the ox@jén
of fluctuation only slightly changes when passing throughdky- seems to be more efficient. But, as in the case of runs 1 antid b, t
gen resonance whereas the passage through the resonamteewitpresence of & does not influence the alpha particles and protons.
alpha particles damps significantly the wave amplitude ufeic,
right panel confirms this result: the evolution of the freqogfor 3.3. Saturation mechanism
0 Biy,... Shows no significant change near the cyclotron frequency The simulations described in the two previous subsectiodis i
of O°*. Figure 8 indicates that the amount of energy absorbed BYte that oxygen ion saturation of the frequency sweepinghme
oxygen is small with respect to the available wave energythén anism (regardless of the type of the expansion) occurs dtieeto
simulation the frequency spectrum smoothly crosses w.o, S8 marginal stabilization of the oxygen cyclotron anisotrapgtabil-
Figure 8, left panel. These results are essentially the S7@- jty. In this subsection we investigate this saturation fosea of
served in the previous section (see Figure 4). simulations with different initial oxygen betas and radizpansion

The distribution function of & at the maximum tempera- timest, see Table 1. The dynamics of wave-particle interaction
ture anisotropy is far from bi-Maxwellian as documented ig-F in these additional simulations is qualitatively similarthat in the
ure 9 which shows the reduced oxygen distribution funcier=  simulations presented in the previous two sections: weethes
fo (v, v1) (left) at the maximum temperature anisotropy (see Figoncentrate on the saturation of the frequency sweepinghaec
ures 6 and 7, solid circles) and (right) at the end of the simulnism. Figure 10 summarizes our results for our runs with exyg
tion. As in Figure 5,f(v,v.) is singular arouncb; ~ 0. At (see Table 1): the left panel displays the points at whichhtre-
maximum anisotropy, the electromagnetic ion cyclotrorsaftbpy ing mechanism saturates in the spage T1o/T) o). together
instability has not had time to develop, so the primary cleangvith the regions unstable to the oxygen cyclotron instgbiliVe
here is the increase in perpendicular energy of these hems i assume the saturation to coincide with the maximum oxygfet-ef
This increase, with its characteristic crescent shapegfisistent tive temperature anisotropy (see Figures 3 and 7, solitesiycThe
with pitch-angle scattering by the imposed spectrum offkeftded gray scale denotes the growth rate of the oxygen cyclotrsiail-
Alfvén-cyclotron fluctuations. The crescent shape of ttetribu- ity in the corresponding bi-Maxwellian plasma. The righhpbof
tion function is conserved till the end of the simulationgifie 9, Figure 10 shows the same saturation in the sp&gg, (v o /va).
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0.10 ‘ ‘ ‘ of wavenumbers where ion cyclotron damping becomes impbrta
Also it is important to note, that the long bok{ = 2048¢/wppo)
and many modes used in the simulations guarantee a goocpverl
0.08} {1 ping of the cyclotron resonanceBgeskow et a).1990]; therefore
we expect our simulation spectra to yield results similathtose

. from the continuous, solar wind fluctuation spectra.

0.06 ] The simulations illustrate the dynamics involved in the- fre
N guency sweeping mechanism for the heating and acceleration
ions. The plasma-wave system initially follow the CGL and B/K
004l . | predictions. As the system expands each ion species siaigss
. becomes resonant with the waves, first the oxygen ions, tien t
alpha particles and finally the protons. The heating is efficfor
o2l * | oxygen ions, is much less important for alpha particles, wadk
for protons. The simulation results are similar to thoseortgad
from quasi-linear modelsCranmer 2001; Vocks and Marsch
L 2002] but indicate a more complex behavior.

108 10 107 100 In the simulations the oxygen ions do not block wave energy

Tio/Tjo

107

08 108 102 10
o Plo from passing to the alpha cyclotron resonance. This is proba
bly due to the fact that the amount of available energy is much
Figure 10. (left) The saturation points for all runs with oxy- greater than the absorption capacity of oxygen ions andttteat
gen (compare with Figures 2, 3, 6, and 7; see also Table 1) ifeating and acceleration are efficient and fast enough ddttaa
the spaceffjjo, T'.o/T)o). The gray scale denotes the growth résonance becomes rapidly transparent to the ion cycletaves,

rate of the oxygen cyclotron instability in the corresporglbi-  allowing them to cross over the oxygen cyclotron frequengy.
Maxwellian plasma. (right) The saturation points in thecgpa Similar transparency is also observed in the modeVatks and
(Bjos vjo/va)- Marsch[2002] where, however, no oxygen dispersion effects are

included. The simulations indicate that the saturationhmasm
for the scattering of oxygen ions is a marginal stabilizatd the

Figure 10 shows that the saturation level of the oxygen temp&YyStém with respect to the oxygen anisotropy instabilityisTs an
ature anisotropy decreases withio whereas the saturation oxy- quivalent of the marginal stabilization in the quasi-tinenodels
gen velocityv;o /va increases. For aboutjo < 4 - 1075 the [Cranmer 2001;Vocks and Marsch2002], however, in addition
Maxwellian) marginal stability and for higher betas theusation In the simulations [cfGalinsky and ShevchenkR000; Isenberg
departures from this relation. The two highest saturatiarajpel 2001]: the wave-plasma system follows a marginal stabiiky
beta cases correspond to the oxygen thermal velocity of iitier o path [see run 2, Figure 7 and ¢fellinger et al, 2003b;Hellinger
of 10% of the local Alfvén velocity. and Travnitek2005] with respect to this instability. During the

The simulation results indicate that the saturation isatiézt by ~scattering oxygen ions are able to absorb only a limited arhof
the marginal stability condition of the oxygen cyclotrostability. available fluctuating energy. This is in contrast with theutes of
The actual saturation points are in a good, semi-quamitatijree- the quasi-linear models b@ranmer[2001] andVocks and Marsch
ment with the linear predictions calculated for the bi-Ma&ian  [2002] and it may indicate that the minor ion dispersion etfeon
distribution function when the_ oxygen thermal velocity isich the dissipation are not negligible.
smaller than the Alfvén velocity. On the other hand, whee th A small differential oxygen/proton velocity is generated the
oxygen thermal velocity become comparable with the Alfwen  alfven-cyclotron interaction. This velocity does not seo be im-
locity the bi-Maxwellian linear predictions do not applyn that  portant for saturation, however, the decoupling from thetable
case the oxygen distribution functions have an importami@® 54 marginally stable region is probably related to its tevment.

of non resonant particles which do not participate in théatyen ¢ gifferential velocity becomes more important as the/éif ve-
interaction. Moreover, the linear prediction does not el any locity decreases with the expansion [bliweg 1999]

differential velocity between the ion species whereas exsimu- The results described here suggest further hybrid codéestud

lation the oxygen/proton velocity becomes more importanem are needed to better understand and, where possible, tdifguan
Bjo increases. heavy ion heating by Alfvén-cyclotron fluctuations in therenal
context. Especially it is important to understand the rdlthe dif-
4. Discussion and Conclusion ferent heavy ion parameters, such as the relative densjty., the
. ) massms/m;, the chargeys /e, and the heavy ion velocity;, /v a,

We have used a 1-D hybrid expanding box code to study thgq the dimensionless magnetic fluctuation ené#g|>/ B3 (and
Alfvén-cyclotron mechanism for the heating and acceleradf  he gistribution of that energy among various modes). Omusi
protons, alpha particles, and a tenuous population of aXy®e8S.  |5ions have shown that the oxygen ion behavior corresptmds
The model includes in an idealized way both transverse and @, particle” response which does not significantly afféae re-
dial expansion of the solar wind and induces the frequenaegw sponse of the more dense alphas and protons, and, on the other

ing effect. Due to the technical limitations of the explihitbrid hand. the alpha particles have an imoortant impact on e
code the characteristic expansion timgandt ;. (see equation (4)) ! phap p p N [5C
they are dense enough to block the flow of fluctuation energy to

are assumed be of the ordes® proton gyroperiods, considerably .
) . 2 ward the proton cyclotron resonance. To answer the quebten
smaller than the actual solar wind values (see Figure 1)eNies: large mustu, /n. be (with respect 13 B|2 /B2 for a given spec-

less, the ion cyclotron and solar wind expansion scalesirewsaill i ¢ i this test particl d Blsei
separated [cfGalinsky and Shevchenk2000] in our simulations, 'UM type) to overcome this test particle response an 8Ig-
nificant amount of energy from the fluctuations it is necessar

p;glrlsncﬁ aorL\j,:,iLeds::Eﬁ;tlijoarllgétlvew' ifnot quantitativelyicable to carry out series of simulations in whieh /n., m /m,, |6 B|*/ B3

The initial discrete spectrum of Alfvén waves is weak, = and the spectrum properties are varied. Further investigas
1.25 x 102, with a power spectrum independent of wavenumbe@lso needed to determine the role«qt /v4 in the range of ob-
and with 50 modes in the wave vector rage03 < 0.153¢/w,p0.  Served values. In particular, linear theory predicts ey ions
We have chosen a flat power spectrum for the sake of simpli¢ith v /v of the order of a few tenths become nonresonant with
ity. While this may not correspond to the power law specttarof Alfvén-cyclotron fluctuations. Finally, it is important investigate
observed in situ in the solar wind, it is sufficient for theest- the role of the expansion timés andt; and the hypothesis that
gation of wave-particle interactions in the relatively mav band the ion and expansion scales are well separated.
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Appendix: Glossary
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Gary, S. P, L. Yin, D. Winske, and L. Ofman (2001b), Electagm
netic heavy ion cyclotron instability: Anisotropy constriain the solar

SubscriptsL and|| denote the directions with respect to the am- corona,J. Geophys. Resl06, 10,715-10,722. _
bient magnetic field, as well as the transverse and radial direcGomberoff, L., F. T. Gratton, and G. Gnavi (1996), Accelieratand heat-

tions, respectively. Subscriptdenotes the ion specigs$tands for
protons,« for alpha particles, an® for oxygen G* ions) or elec-
trons ); subscrip® denotes the initial valueg’s = fs(v) denotes
a distribution functionns denotes the number density, and de-

notes the mean parallel velocity; denotes the (isotropic) temper-

ing of heavy ions by circularly polarized Alfvén wavels Geophys. Res.
101, 15,661-15,666.

Hellinger, P., and P. Travni¢ek (2005), Magnetosheathpression: Role
of characteristic compression time, alpha particle abooés and al-
pha/proton relative velocityJ. Geophys. Res.110, A04210, doi:
10.1029/2004JA010687.

ature wherea§’, . andT), denote the perpendicular and parallehellinger’ P., P. Travnicek, A. Mangeney, and R. Grag{@id03a), Hybrid

temperatures, respectively,, v;, T'Ls andTj, are defined by the

discrete equivalents of the following expressions:

/fsdgv

ng =
1 .
Vs = _/v“fsd%
Ns
T . = ! vifsdfiv
2Ns
1
T‘”5 = n_ (UH—’U”5)2de3U/n5. (Al)
Bys = nsksT|s/(B5/2u0) is the parallel beta and the wave
beta is given by, = Y., 6Bi/Bj. wes = ¢:B/ms and

simulations of the expanding solar wind: Temperatures aifidvéloci-
ties,Geophys. Res. LetB0, 1211, doi:10.1029/2002GL016409.

Hellinger, P., P. Travnicek, A. Mangeney, and R. Grad@i®03b), Hybrid
simulations of the magnetosheath compression: Marginhliligy path,
Geophys. Res. LetB0, 1959, doi:10.1029/2003GL017855.

Hollweg, J. V. (1999), Cyclotron resonance in coronal holesheating and
acceleration of protons, ¥, and M@*, J. Geophys. Resl04, 24,781—
24,792.

Hollweg, J. V., and P. A. Isenberg (2002), Generation of #st $olar wind:
A review with emphasis on the resonant cyclotron interatib Geo-
phys. Res107, 1147, doi:10.1029/2001JA000270.

Isenberg, P. A. (1984), The ion cyclotron dispersion refatin a proton-
alpha solar windJ. Geophys. Res89, 2133-2141.

Isenberg, P. A. (2001), The kinetic shell model of coronatimg and ac-
celeration by ion cyclotron waves 2. Inward and outward pgaiing
waves,J. Geophys. Resl06, 29,249-29,260.

Isenberg, P. A., and M. A. Lee (1996), A dispersive analy$isigpherical

wps = (nse? /mse0)*/? denote the cyclotron and plasma frequen-  pickup ion distributions,). Geophys. Resl01, 11,055-11,066.

cies, respectivelyy); andvy, s denote the mean parallel and theKohl, J. L., et al. (1998), UVCS/SOHO empirical determioat of
thermal velocity of the species respectively. In these expressions —anisotropic velocity distributions in the solar cororatrophys. J. Lett.
ms, ¢s, andn,, denote the mass, the charge, and the number density,50% L127-L131. _

respectively, B, denotes the magnitude of the ambient magnetl> X» S- R. Habbal, J. Kohl, and G. Noci (1998), The effecterhpera-

field, Bo = |Bo|, ¢ B denotes the magnitude of the fluctuating

magnetic field with the wave vectdr = |k|; uo andeo are the
magnetic permeability and the electric permittivity of trecuum,
respectivelyy is the total ion mass density,= > m.n,, andva
is the Alfven velocity defined ass = Bo/(uop)/?. w and~y de-
notes the real frequency and the damping/growth rate, c&isphy.

The reduced distribution functiofs = fs(v),v.) is given by
the discrete equivalent of

Js(vp,ve) = (A2)

1
- / fS (UH y UL, QO)'UJ_dQO,
U1

where ¢ is the gyrophase angle.
gral/summation in equation (A2)) is an average over the glyase
o and includes the; Jacobian term.

The reduction (the inte-

ture anisotropy on observations of Doppler dimming and pnmm the

inner coronaAstrophys. J. Lett501, L133-L137.

Liewer, P. C., M. Velli, and B. E. Goldstein (2001), Alfvénawe propa-
gation and ion cyclotron interaction in the expanding selard: One-
dimensional hybrid simulationd, Geophys. Resl06, 29,261-29,281.

Marsch, E., and C.-Y. Tu (2001), Evidence for pitch angléudibn of solar
wind protons in resonance with cyclotron wavésGeophys. Resl06,
8357-8362.

Matthews, A. (1994), Current advance method and cyclicftegpfor 2D

multispecies hybrid plasma simulationk, Comput. Phys112 102—

116.

Ofman, L., A. Vifias, and S. P. Gary (2001), Constraints og @t°
anisotropy in the solar coronAstrophys. J. Lett547, L175-L178.
Ofman, L., S. P. Gary, and A. Vifias (2002), Resonant heatimd)accel-
eration of ions in coronal holes driven by cyclotron resdrepectra,J.

Geophys. Res107, 1461, doi:10.1029/2002JA009432.
Torrence, C., and G. P. Compo (1998), A practical guide toelehanalysis,
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