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We study the ion-acoustic instability driven by a drift been This paper addresses the question of the effective callifse
Maxwellian protons and electrons in a nonmagnetized plassna quency resulting from the ion-acoustic drift instabilitging a
ing a Vlasov simulation with the realistic proton to electrmass Vlasov simulation with realistic mass ratia,, /m. = 1836 for
ratio. Simulation results for similar electron and protemper- these parameters: proton to electron temperature tid. =
atures are in good agreement with predictions. Namely,nduri 0.5 and drift velocity between electrons and protags= 1.7v;n.
the linear and saturation phases the effective collisiexuency (vene is the electron thermal velocity). Note, that we have chosen

. ) N s 7 the same parameters as usedvit et al. [2002]. The paper is
observed in the simulation is in quantitative agreemenhwhie o 0anized as follows: First, in section 2 we present an dearof
quasi-linear predictions. However, previous estimat@igev and  the linear and quasi-linear theory of ion-acoustic drifstability.
Sagdeev, 1984;Labelleand Treumann, 1988] give the effective col- Then, in section 3 we describe the simulation method anddn se
lision frequency less than one tenth the simulated valuks.tfieo- tion 4 we show results of the simulation and compare them thigh
retical and simulation results are in a partial agreemetth Wie theoretical predictions of section 2. Finally, in sectiow&discuss
simulation work byWait et al. [2002] who used a non-realistic the results.

mass ratio. After the saturation, the effective collisioaguency

increas.es owing to the existence of backvyard-propagatimg i 92 Linear and Quasi-linear Theory

acoustic waves. These waves result from induced scattering

protons and contribute to the anomalous transport of eestr We investigate the properties of a plasma with proton anc-ele

tron populations with Maxwellian distribution functiondrifting

with respect to each othef, = n/((27)" 2vinp) exp(—v?/(205,,)),

and f. = n/((2m)"?vine) exp(—(v — va)?/(20%,.)), respec-

tively, wheren is the plasma density is the drift velocity,v:np
Current driven instabilities play an important role in thiesi-  is the proton thermal velocities.

pation and field-line merging in shocks and reconnectionorey For a drift velocityv, of the order of electron thermal velocity

in collisionless plasma. Recent worké#it et al., 2002; Petkaki  v:re the System is unstable with respect to the ion-acoustialfilst

et al., 2003] indicate that the ion-acoustic instability (in a nonity. The growth of ion-acoustic waves leads in the seconeiotal

magnetized plasma) driven by a drift velocity between pretand  slowing down of electrongp. /dt < 0. The second order, quasi-

electrons is more important than was previously thouglabglle linear effect for a spectruME (k) of the ion-acoustic waves may

and Treumann, 1988]. Theoretical worksGaleev and Sagdeev, be given in a similar manner as for the lower-hybrid drifttadslity

1984;Labelle and Treumann, 1988] give an estimate for the second Davidson and Gladd, 1975] as:

order effects, the effective collision frequeney= |dp./dt|/pe

(wherep, is electron momentum) of the ion-acoustic instability in dpe 2 wf,e

the case of cold protons in an analogue form to the classjisies - /dk|5E(k)| oz iméeZ (&) @

(electron-ion) collision frequency: the

1. Introduction

wheret. = (w — kvq) /(V/2kvine) andZ is the plasma dispersion

Vo~ Wpe —— | (1) function. The dispersion relatian = w(k) is given in a standard
nkgTe way
wherew,. is the electron plasma frequendy;. is the fluctuating 9 5
ion-acoustic wave energy, is the electron densityss is Boltz- 1 Wpe 4 7 Wpp 1 7 -0 (3
mann constant, an@. is the electron temperature. Recenttt + k202, | (148 Z(8e) + k22, (1+&2(6)) =0, @)

et al. [2002] performed a set of Vlasov simulations and measured

the effective collision frequencyin the simulations and found val- yherev,, is the proton plasma frequency agid= w/(v/2kviny).
ues two to three orders of magnitude higher than those pestlic Equations (3) and (2) hold as long as the distribution fuomtiof

by Equation (1). The simulation work byt et al. [2002] indi-  glectrons and protons are not far away from the initial Matkies
cates that Equation (1) is not applicable for a plasma withg®  istributions.

rable proton and electron temperatures. However, thedstieg
and probably important results d¥att et al. [2002] have a major
drawback: These simulations were done for an artificialgmdab 3. Code
electron mass ratipy, /m. = 25.
For integration of the one-dimensional Vlasov-Poissoriesys
of equations we use a slightly modified versidrighgeney et al.,
2002] of the Vlasov code developed Bijalkow [1999]. The code
Copyright 2004 by the American Geophysical Union. has periodic boundary conditions and uses a Fourier tramsfior
0094-8276/05/2004GL020028$5.00 the integration of the Poisson equation.
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The electron and proton distribution functiofa and f, are nally, after saturation the fluctuating electric field dexses through
wave-wave and wave-particle interactions.
discretized both in space and in velocities. The spatial bes

N, = 16,384 points and a resolutioAz = 1/8\p (Ap is the De- 0.010

4. Simulation Results

bye length). The electron velocity grid hag. = 2000 points with 0.008 a) ]
the resolutiorAv. = 0.01v;he, @and minimum and maximum ve- 0 006:— R
locities arevemin = —8.3vthe @NdVemax = 11.7vihe. Similarly, ]
0.004 |-
the proton velocity grid ha®v,, = 1000 points with the resolu- :
0.002
tion Av, = 0.02v1, and minimum and maximum velocities are r
0.000 L
Upmin = —100¢pp ANAVpmax = 100¢pp.
2.0r ]

We initialize the simulation with a proton and electron 1.0

Maxwellian distribution with the physical parameters= 1.7vip.

and T, /T. = 0.5 [cf. Watt et al., 2002]. For these parame- 0 ____1_0_(_)_0_ _>§_p]2_f
ters Equation (3) predicts that the ion-acoustic branchnista+ 00f-----=----- - 1
ble for a wide range of wave vectors (from nearly zero to about 102
0.85/A p) with the maximum growth rat@ma.x = 0.00632wy., for 10° ;C) ” " e 14 ]
the wave Vectokmax = 0.51/Ap and frequencyw = 0.0158wpe. 10'zj p "’wm_f
Since the Vlasov simulations are essentially noiseless,ade 10-4j /’ ]
to the initial distribution functionsf. and f, seed fluctuations 10-6f ,,-"'ﬂ N
dfe and df, that correspond to a linear response of the distri- 1012 N
bution function to small, random phase fluctuating eledfietd 10 0 ] 10‘00 20‘00 30‘00 4000
E =0EY, exp(ikx — wt + ¢) of the ion-acoustic waves:
E exp(ikz — wt + ¢(k)) O fep Figure 1. Evolution of (a) the fluctuating electric field energy
Ofep = i(kv — w) v 4) We, (b) the mean electron (solid) and proton (dashed) vekx:iti

ve andwy, respectively, and (c) the effective collision frequency
v: The solid curve shows the value measured in the simulation
via Equation (5), the dashed and dash-dotted denote the esti
mates of Equations (6) and (7), respectively. The predictio
based on Equation (1) is shown by the dotted curve.

wherew = w(k) is a solution of the linear dispersion equation (3)
and¢ = ¢(k) is a random number frord to 27r. We have chosen

SE = 5x 107 "mvinewpe /e and the initial spectrum of wave vec-

Figure 1 shows an evolution of different quantities durihg t
simulation: Figure la displays evolution of the density aic{l
tuating electric field energy?V. = (codE?)/(2nkpT.) where
(6E?) = S"N= §F?/N,. Figure 1b shows evolution of electron
We let the simulation evolve from the initial seed at time: 0 and proton mean velocities andv, denoted by solid and dashed
curve, respectively. Finally, Figure 1c (solid curve) digs the

to the final timet = 4000 (henceforth the time is given in units effective collision frequency measured in the simulation as

tors in Equation (4) to lie betwedn04/Ap and1/Ap, i.e. mainly

in the unstable region.

of wy.!). During the simulation the electron and proton total mass Dt + 6t/2) = 2 p(t+6t) —p(t) ®)
are conserved with a precisio)~" whereas the total energy is 5t p(t + ot) + p(t)

conserved with a precisiotd~#. The evolution of the simulated where we us&f¢ = 1. The dashed and dash-dotted curves show
theoretical prediction of the the effective collision fremcy v

system may be divided into three phases: First, the waves grealculated from the quasi-linear theory using the simalapec-
trum § E(k) and linear dispersion predictions of Equation (3): The

exponentially, then they saturate in a quasi-linear mararad fi- dashed curve shows an estimate based on the discrete vefsion
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Equation (2):
v=>_
k

and the dash-dotted curve shows an estimate calculategl oisin
the strongest unstable mode from Equation (6) [dvidson and
Gladd, 1975]:

AKSE(K)Pw.

2
kv, menvg

ImgeZ (&) (6)

OB ) P

2
kmaxvthemenvd

Imge Z(&e). O
The dotted curve shows the estimate of Equation (1).

Figure la shows clearly three phases:
growth and a saturation about the time= 2000, and, later on, a
decay of fluctuating wave enerdy.. In the post-saturation phase
there are small oscillations in the fluctuating enevgy with a fre-
quencywr = 0.05wpe indicating possible electron trapping. An
estimation of the trapping frequency in a monochromaticevaith
wave vectork and an amplitudé £, based on a lowest order ap-
proximation givesw, = (ek|6Ex|/m)"/?. The strongest mode in
the simulation at the saturation level£ 2000) would give a value
of wy, about ten times greater than the observed frequencyThe
oscillation of the fluctuating energy/. is probably due to other
effects.

First an exponential
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tion (3): Solid and dashed curves show the frequency andrtest
the growth rate, respectively.
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Figure 2. Gray scale plots of simulated spectra: Fluctuating
electric fieldd E' as a function ofv andk during (a) initial linear
phase and (b) post-saturation phase. Overplotted curvexale
predictions of the linear theory: Solid and dashed curvesvsh
the frequency and ten times the growth rate, respectively.

Figure 1b displays the coupling between the protons and elec

trons owing to the instability; electrons are deceleratdtengas
protons are slightly accelerated. The electron decet@ratkes
place all through the simulation, and is more pronouncedafor
stronger fluctuating electric field as expected from the gliasar
theory (Equation (2)). This deceleration translates ihtodffective

Figure 2a shows that initially the ion-acoustic waves ameege
ated with the dispersion predicted by the linear theoryidsiahe)
and in the unstable region (dashed line). Later on, Figuréh2b
dispersion of the initially unstable waves is strongly nfiedi and,
moreover, back-propagating ion-acoustic waves appear.

collision frequency . Figure 1c shows that the observed frequency The change of the dispersion (the increase of phase velocity

v is in a very good agreement with the theoretical predictifribe
quasi-linear theory, especially during the first lineagsta < 600
but around the saturation the simulated value is about orib tee
quasi-linear prediction. On the other hand, Equation (&yljmts al-
most two orders of magnitude lower values fof 600 and about
one order lower values around the saturation.

The saturation value ~ 0.1w,. is below the values predicted
by Equations (6) and (7) as one may expect: If only quasalieé-
fects are present, the evolution of the averaged distohdtinction
fe(v) would be governed by a quasi-linear diffusion

(»%)

with the diffusion coefficienD, and the electron distribution func-
tion would eventually become stationady. /0t = 0 with a quasi-
linear plateau in the resonant regidif. /0v = 0. Consequently,
the effective collision frequency = |dp./dt|/p. would even-
tually approach zero. However, in the simulatiercontinues to
increase from approximatel§.1 to 0.2 even after the saturation
whereas the amplitude of electric fluctuatigi®|* decreases. This
result indicates the presence of other effects playing maporole
in the third, post-saturation phase. Let us now investigatesvo-
lution of the simulated system in detail.

The simulated system is initially dominated by the unstéadte
acoustic waves, and, later on, back-propagating ion-diconaves
appear. There is a negligible wave energy in the Langmuindira
since the initial seed (Equation (4)) was given to the urnstain-

ofe o

ot  Ov

Ofe
ov

®)

see Figure 2b), is related to the quasi-linear heating ofetbe-
trons since the ion-acoustic velocity is proportional te thermal
velocity of electrons. The electron distribution functiomdeed
clearly exhibits a signature of important heating as doauet:
in Figure 3. Figure 3 displays reduced distribution funetioof
(a) electronsf. = fe(v) and (b) protonsf, = f,(v) at differ-
ent times (dotted curves) = 0, (dashed curves) = 2000, and
(solid curves) = 4000 (see Figure 1). Note, that for protons we
use a logarithmic scale. Figure 3a indeed shows that at drihen
saturationt = 2000 (dashed curve), the electron distribution func-
tion strongly departs from the initial drift Maxwellian on@ot-
ted curve). At the end of the simulation the electron disitidmn
function is dominated by a pronounced plateau (solid cumteth
extends also to the negative velocities. This effect is aatlicon-
sequence of the presence of back-propagating ion-acouaties.
Concerning the proton distribution function, Figure 3bwhdhat,
that only strongly suprathermal protons (with abgujt > 5v¢p,)
are accelerated.

Combining the results we got so far we have an explanation
of the growth of the effective collision frequenay (Figure 1c)
after the saturation. This effect is related to the appearaof
back-propagating ion-acoustic waves. These back-projpggan-
acoustic waves heat electrons and extend the quasi-line@ap
to negative electron velocities (see Figure 3a) which laadbhe
increase ofs. These waves probably result from an induced scat-
tering of the instability-generated ion-acoustic wavespootons:
The core part of the proton distribution satisfies the caodibf
the wave-wave-particle interactidk: — k2 )v = w1 — w2 between
forward (k1,w:1) and backward k2, w2) propagating ion acoustic

acoustic branch and the Vlasov simulations are essentiale- waves (note that we supposg. > 0, k1 > 0, andks < 0in
less. The simulated spectra are shown in Figure 2. Figures-2 déontrast with Figure 2). The oscillation of the fluctuatirigatric

plays the fluctuating electric fiel@lE as a function ofv andk as
gray scale plots in two time intervals: (a) the initial, laxephase
(t = 0-800) and (b) the post-saturation phagse=£ 2000—4000).

Overplotted curves denote predictions of the linear theBgua-

field energyW. (see Figure 1) may be connected with the back-
propagating waves. The beating of forward and backwardgrop
gating waves would yield a frequency comparable to the oeser
frequencywg.
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Figure 3. Reduced distribution function of (a) electrofis(v)
and (b) protonsf, (v) at different times (dotted curves)= 0,
(dashed curves) = 2000, and (solid curvesy = 4000 (see
Figure 1). Note, that for protons we use logarithmic scale.

5. Discussion

The effective collision frequency observed in the simwolatis
from about two orders (during the linear phase) to one order o
magnitude (around the saturation) greater than the estinzabf
Equation (1). This difference is considerably smaller thtza re-
sults of\att et al. [2002] which is likely owing to the fact thaéatt
et al. [2002] used the non-realistic mass ratio since the effectiv
collision frequency scales azse/m]l/2 [Petkaki et al., 2003]. Fur-
ther investigation of this problem is beyond the scope & fiaiper.

The disagreement between the simulations and estimation of
Equation (1) is not surprising since these estimatidsel ¢ev and
Sagdeev, 1984] are derived fol}, < T. and for three-dimensional
geometry whereas in our simulation [and in thoseViitt et al.,
2002] there isI}, /T. = 0.5 and the physics is constrained to one
spatial and one velocity dimensions. Future work will beated
to the study of the influence of the initial plasma parameters
the impact of a second spatial dimension.
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