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Abstract. We present results of a two-dimensional hybrid simulatiérihe electromagnetic
proton beam instability. We show that for a case of cold anterahigh density proton beam
the oblique right-handed resonant modes play an importaat The interaction of these modes
with the beam protons causes significant beam density fltiohsa At the nonlinear stage the
obliqgue modes give rise to a beam filamentation. Beam filasn@ftuence strongly the evo-
lution of the instability. They create pulses of a strong metge field. These pulses share some
properties of the magnetic pulsations (short, large-annidi magnetic structures). We suppose
that the oblique modes play an important role in the strectfrthe quasi-parallel Earth’s bow
shock.

: mode is a left-handed resonant (LHR) mode; if the drift vitoc
1. Introduction is sufficiently high, it is a right-handed resonant (RHR) mdor a
The terrestrial foreshock is a very complex region with ahhigcold, low-density beam and a left-handed nonresonant (Lidge
level of electromagnetic fluctuations and strongly nontradrion ~for a high-density and/or temperature beam. In all caseseter,
distribution functions, with beams of particles comingrfrahe the maximum growth rates are found for (anti)parallel pgatéon
bow shock T'surutani and Stond.985]. Understanding the physicsWith respect to the ambient magnetic field. _
of the interaction between waves and particles in the faelsis a  1hese predictions of linear theory are in good agreemertt wit
complicated task because of the combination of significantin-  the properties of the weak amplitudd3/ By < 1 (whereB is the
earities and inhomogeneities combined with the fact thewally, amplitude of the ambient magnetic field), almost monochtama
the waves are transported by the solar wind out of the regfon §LF waves found close to the proton foreshock boundary. The o
generation toward the shock. A considerable amount of diead  S€rved wave properties that are right-handed in the plasamaef
work has been done to understand the basic properties oétirah 2nd propagate parallel to the ambient magnetic field areisons
plasma system in the foreshock context, using linear and;iquatem with those of the RHR instability driven by field-alighkack-

linear theories as well as numerical simulations; see thieweof ~St'€aming protons, reflected off the oblique portion of tizetEs
Gary[1991, and references within]. bow shock. Moreover, the numerical simulations\Wjnske and

Since the upstream beams and waves are intimately connec#@éoy [1984] show that the nonlinear evolution of the distribatio
with the bow shock itself, realistic simulations of the fetiock unction in the case of the RHR instability is consistenthuthe

structure would be desirable but are, at the moment, beyoed lobservations of a gradual modifi‘f:ation of Ehe velocity dittion
reach of today’s computational facilities, since the tgpiscales of back-streaming protons from “reflected” type toward &re-

; diate” type.

(both spatial and temporal) of the shock are much greater tthe . S
proton scales typical of kingtic (hybrid or particle). siratjbns: frorﬂoév;\r/wegr' vf/jgl?pfr: dlgﬁgtg?)?j pro_lt_%ré fg{g;?g%ké;zgt;mﬁigﬁfo
On the .other hand, many simulations of the quasn-perpeiailcucan reach rather large ampli.tudeFdS/B ~ 1. for “shocklets ”
or quasi-parallel portion of the bow shock have been donesé&h which are compressible, right-handed (()in the'plasma fram)'_
simulations have helped in understanding the shock steictoe odic. but nonsinusoidal ’wave trains, and, still hightR /By ~
quasi-perpendicular shocks are now very well understootithis 3_ 4 for “pulsations” (or short Iarg’e-am'plitude magnetic stru
is not the case for quasi-parallel shock waves. The sinmratof '

quasi-parallel shocks show a general feature, namelyhkathock tres (SLAMS)), which are mostly left-handed (in the plasma
structure is not stable, but it reforms itself [d8ergess 1989]. frame), compressible, localized perturbatiorgngmsen et al.

However, the simulation does not reproduce an importantstr 1990; Schwartz et 3], 1992;Mann et al, 1994]. Very strong ev-

. ; a idence of nonlinear behavior has been provided by the Statis
ture of the shock, the magnetic pulsations. This is probabbause analysis of shocklets [see, e.glaoufir et gl, 1990] a)rqd SLAMS

the simulations did not run long enough to have the upstream trp1ann et al, 1994], and these two types of perturbations propagate
bulence fully developed (for discussion, s&eholer{1993]); more E)bliquely with res]pect to the ambie);ﬁ magr?etic field. propagd
realistic simulations are, however, very expensive. Avre these structures the result of the nonlinear evolutiom)-

At the level of linear theory, two important results havemes-  pined with transport by the flow, of initially parallel progating
tablished. The first one is that ion-ion electromagnetitabiities | nstable waves, as one would expect from linear theory? dh th
(with frequencies and growth rates of the order or less theridn  case. what is the mechanism that causes the waves to “féfarnt
gyrofrequency) are generally the most robust ones and N@®y @ parallel to oblique propagation? The case of pulsationgarspto
higher amplitudes than the ion-electron electromagnetitelec- e more complicated than the case of shocklets; they both &ee
trostatic instabilities, even if the latter have generhilyﬂer grOWth grow out from the ULF waves, but they have a different pomiz
rates. ) ) tion and propagation angle.

The second result is that the behavior of the beam-plasmasome authors have attempted to follow these ULF waves in the
system is quite sensitive to the beam properties. For a highonlinear regime; for exampledkimoto et al.[1991, 1993] have
temperature beam with a small drift velocity the most unstabstudied the case of RHR and LHN parallel propagating wavas ge

erated by cold ion beams in one-dimensional (1-D) hybridusam

tions. They have shown that both the modes end up in magnetic p

sations that share some similarities with the observed.drew/-
Copyright 1999 by the American Geophysical Union. ever, such simulations miss the important observatioratfeat the
0148-0227/05/1998JA900157%$9.00 observed perturbations propagate obliquely.
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Table 1. Plasma Parameters for Linear theory, and the Hybrid Siroulat 60° [T 850 [
Plasma parameters |
wPe/Qe =200 Be=pp=05 T, ="1Tp 50°t
vp = 10v 4 np/np = 0.04 80°} &

Since the properties of the beams are expected to vary as the 40°}
shock normal goes from oblique to quasi-parallel, as welliis
increasing distance from the shock front, a possible imetgtion
of the observed oblique propagation of the perturbationthas
these inhomogeneities can refract the initially parallelgagating
waves Hada et al, 1987], which may then grow and evolve as 20°F
the obligue modes in the numerical study ®ynidi and Winske
[1990] and become shocklets. Simultaneously, the inteiated
back-streaming protons will be scattered and end up in tiesei 10°¢
state.

However, this scenario does not account for the recent ebser
vations byFuselier et al.[1995] [see alsdpavich et al, 1988], 0 1
who show that the abundance of supratherma™Heund in con-
junction with the diffused back-streaming protons is natsistent
with that found with either the field-aligned or intermedidteams.

Thus there is no evolution sequence from reflected to diffoss; Figure 1. Two-dimensional (2-D) contour plots of the growth
the diffuse protons are originating from the quasi-pataert of rate v(k, Oxg); for (left) s < 60deg and (right) bk >
the bow shock. 60 deg.

Numerical simulations of this kind of shocks have provided
some information about the properties to be expected fobalog-
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streaming protons; they have indeed shown that the shaattste 1 4T 14
is not stable, but it reforms itself [se®urgess 1989]. The ref- ’ ’
ormation process dominates the shock structure; the cadbe 101 19l
reflected off the shock are found to be rapidly thermalizedhiy ’ ’
process and may not escape far away from the sh8ckdler and
Burgess 1992]. The proton beams far upstream in these simula- -0 1.07
tions are generally found to be hot and almost isotropic.
Dubouloz and Scholgd993, 1995] modeled the interaction be- .- 0.8t ~0.87
tween such a hot beam and the solar wind plasma by injectingﬁ Q
at a given place, a hot ion beam into a cold wind plasma. The3 gl 3 gpl
beam density is found to globally decay when going against th
solar wind. The beam drives RHR modes that scatter the ioths an I I
generate regions with high beam ion densities. In thesemegi 0.4 0.4
the beam distribution is much hotter than in the ambient e
may generate the LHR instability. This mode leads to the ik 0.21 0.21
left-handed magnetic pulsations that propagate along tgnstic e .
field. They are transported along with the plasma and eneount  OOLL . 0...10 000 ). O0Lelmtin i
regions with higher beam densities. These inhomogene#fesct 0.0 0.2 0.4 06 08 00 02 04 06 08
the initially parallel pulsations, which align with the moal to the kc/w. kc/w.
inhomogeneity and become generally oblique with respethdo p! p!

ambient magnetic field. The resulting properties of the &atea

pulsations are similar to the observed ones. Figure 2. Dispersion relationsv(k) (solid line) and~(k)
Another line of thought is to look, as di#/inske and Quest (dashed line) for the right-handed resonant (RHR) mode at

[1986], whether obliquely propagating waves can play soate r (left) parallel propagation and (right) oblique propagatiof

in the linear or nonlinear stages. They have compared sestilt- OB = 80deg.

D and two-dimensional (2-D) hybrid simulations for a plaswith

a cold beam with high drift velocity and varying relative déies.

For low beam densities the most unstable mode was the RHR oneThe structure of the paper is the following: first, we studg th

and for higher densities the most unstable case was the LN opredictions of linear theory for a beam-plasma system wiii t

In both cases they found no important differences betwee2# parameters given in Table 1. Then, we describe the hybriet cod

and 1-D simulations. o _ [Matthews 1994] we use to study its nonlinear evolution. After
In this paper we revisit the situation analyzed W§nske and this, we show the results of the simulation, starting witt ¢volu-

Quest[1986] to see whether increasing the beam density still fugion of global quantities (temperatures and energies)pifierent

ther would maintain the basically 1-D character of the betasipa  stages of the evolution of the system are then analyzedlline

interaction. We have therefore chosen the following plaparam-  compare the results of the simulation with the predictiotirgar

eters, different from those consideredWjnske and Que$1986]:  theory and with observations. We also compare the resultsiof

the beam and plasma are assumed to be Maxwellian, the raiggyfation with those of the earlier simulation Winske and Quest

of ambient proton and electron pressure to the magnetic e §1986]. In concluding, we discuss the implication of thessuits

Bp = Be = 0.5, the temperature of the beamls = T, (T, and the problems that remain unresolved.
is the temperature of ambient protons), the density of tharbe

is ny/np = 0.04 (n, is the density of the ambient protons), and

the velocity of the beam with respect to the ambient elestien 2. Linear Theory

vy = 10va (va is the Alfvén velocity). We suppose a plasma with

the ratio of the electron plasma frequency to the electraonfgy- Linear theory of the electromagnetic ion beam instabiktyell
quencywpe /e = 200 (this parameter does not apply for the hyknown [Gary, 1991]. Linear theory predicts that the most unsta-
brid code, but we use it for linear theory). Table 1 gives agreiew ble mode is the electromagnetic RHR mode in parallel propaga
of these parameters for further references. tion. This is illustrated in Figure 1, which displays the uks of
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a numerical resolution of the dispersion relation, assgriat the 25 1

beam and the plasma have Maxwellian distribution functi@es 20t 2 1

Hellinger and Mangenef1997, appendix] for details on the meth- ' ,’ |

ods used, which are almost identical, in the present casbpte 5 15¢ ! \\ ]

used in the well-known code HRonmark{1982]). 2 ’ g
Figure 1 shows 2-D contour plots of the growth ratas a func- 1.0F

tion of the magnitude of wave vectér and of the angle between 05t
thek vector and the ambient magnetic fiélgs for O < 60 deg '
(Figure 1, left) and for strongly oblique propagatidag > 60 deg
(Figure 1, right).

These results are in agreement with the studyGefy et al.
[1981]; the RHR mode is unstable over a wide range of wave
vectors, but, as usual, the most unstable mode is an eleagrom
netic, circularly polarized wave propagating along the smb
magnetic field, with a wave vectdrc/wp; ~ 0.12 and a growth
ratey ~ 0.27Q;, (€2; is the proton gyrofrequency).

However, our purpose in this section is to show that a qual-
itatively new feature appears when the relative beam deisit
creases. Note, first, that for the low beam densities thatisually
considered, the growth rate of the RHR mode decreases menoto
ically as the angl@yg of propagation increases [see, e@ary
et al, 1981]; this is no longer the case abovg/n, 2 0.035 (for
the parameters given in Table 1); then the dispersion ptiggenf
the beam-plasma system change qualitatively, and we maytimet
appearance, in Figure 1 (right), of a saddle poirt.at/w,; ~ 3.4
andfxg ~ 73deg and of a local maximum of the growth rate,
Ymax =~ 0.2Q;, for strongly oblique propagatiof{s ~ 80 deg),
which is almost as high as that of the most unstable paraibglap
gating wave

The obliqgue RHR waves are elliptically polarized, have an im
portant electrostatic componejit - dE|/|k x JE| ~ 10 and are

strongly compressive. Indeed, the compressibility ratioGary,  Figyre 3. Time histories of the (a) density of the fluctuating
1986] of the beam density; is very large Cy, ~ 10, whereCy, is magnetic field energy, = (§B/By)?, (b) beam velocity,

~ O B~ o o O Mo

Tb per

T par

defined as follows: and the (c) parallel and (d) perpendicular temperaturesief t
Snn B Q; [k-D, - 6E core plasma and the (e) parallel and (f) perpendicular beam t
Cy = 120 wibi | b | 1) peratures. The 2-D results denoted by solid lines; 1-D ones a

0Blneo — wp, [k x OE| represented by by dashed lines.

In these expressions;,, = (nye?/myeo)'/? is the beam plasma

frequencyD, is the contribution of the beam to the dispersion mano smoothing is performed on the electromagnetic fields,taad

trix D, and the frequenay and the electric fieldE being solutions  resistivity is set to zero in Ohm’s law. The magnetic field i a

of the dispersion relatiol - 6E = 0. vanced in time with a modified midpoint method, which allows

A comparison of the dispersion properties of the most unstéme substepping for the advance of the field.

ble parallel and oblique RHR modes is illustrated in Figure 2 The units and parameters of the simulation are the following

which shows the frequeney(k) (solid line) and growth ratg (k) units of space and time ar€/w,; and ;, respectively, where

(dashed line) for the RHR mode plotted as functions of wawe vew,,; = (n,e?/m,e0)'/? is the proton plasma frequency afid =

tor k for two propagation angleghs = 0deg (Figure 2, left) and eBy/m, is the proton gyrofrequency. In these expressiepsand

Oxs = 80deg (Figure 2, right). Note, first, that other modes areB, are the density of the plasma protons and magnitude of the ini

also destabilized by the beam but they have much smallertgrowial magnetic field, respectively, whiteandm,, are the proton elec-

rates and, second, that similar results were found&byimabadi tric charge and mass, respectively; and, finallyo, and o are

et al. [1994] in a different context. It is therefore interesting t the speed of light and the dielectric and magnetic permigiabibf

study numerically the behavior of this beam-plasma systersge vacuum, respectively. The spatial resolutionlis= dy = ¢/wp;.

whether the appearance of the compressible, obligue madearh There are60 particles per cell for both the core plasma and the

effect on its nonlinear evolution. beam protons. The simulation box is in thgplane and is assumed

to be periodic in both dimensions. The fields and momentsare d

. . fined on a 2-D grid with dimensions, x n, = 100 x 300. The

3. Simulations time step for the particle advanceds = 0.01Q;" while the mag-

For the numerical simulation we use the 2-D version of the h)@et'c fieldB is advanced with a smaller time steft,; = dt/20.

brid code developed biylatthewsg1994]. In this code the electrons sﬁlt)(;%giser?tr?iggd\r/gg in units of4. The same units are used in all
s et~ We iz he Simuaion i  Pageneous proon bear
) ; . plasma system in an initially homogeneous magnetic i-

e s e By s s e fected slon g 08B — (0. .. The plasma and e bea
P: L . : Y ncing are Maxwellian, with parameters given in Table 1.

sity to this time step with only one computational pass thfothe

particle data at each time step. Two interlaced grids ard, uzee 3.1
with nodes at cell centers for the electric field and the othree ="~
with nodes at cell vertices for all the other fields. The mdetcon- Let us start the description of the simulation results whhb t
tribution to the current density at the relevant nodes iduated time evolution of the global quantities shown in Figure 3ligso
with bilinear weighting followed by smoothing over threeims. lines) for the average fluctuating magnetic field energy itens

Evolution of Global Quantities
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Figure4. Simulation results at time = 20€2; ", showing (top)
gray level plots (scale shown in middle) of the fluctuatinggma
netic components (left) B, and (right)d B,. Only one third

of the simulation box is shown. (bottom) Gray level plots of
corresponding spatial spectra. Black corresponds to the ma
imum; white corresponds to the minimum. Dashed line (bot-
tom left) indicates the wave vecttr,, where linear theory pre-
dicts the maximum growth rate. Dotted line (bottom right) is
they = 0.195%Q2; contour line replotted from Figure 1.

W, = (6B/Bo)? (Figure 3a), the average beam velocity(Fig-
ure 3b), and the average parallel (Figure 3c) and perpeladicu
(Figure 3d) temperatures of the background plasma and bieam (
ures 3e and 3f). Temperatures are given in units of theirainit
value. For comparison we have also plotted the results roddai
with a 1-D simulation performed with the same parameterst{dd
lines). In both simulations the total energy is well conser(there
is a small gain of energy lower than 1% of the initial total iyy®.
The evolution of the global quantities in the 1-D and 2-D si-
mulations is similar [cfWinske and QuesiL986] and is also sim-
ilar to those observed byinske and Leroj1984] andWinske
and Ques{1986] in their respective simulations; there is a phase
of exponential growth, around = 208; ", with a growth rate
27 ~ 0.52Q; ', which corresponds to the maximum linear
growth rate of the RHR mode in parallel propagation (see fieigu
3). This phase is followed by a phase of nonlinear relaxatitmw-
ever, one may note an important difference between 1-D abd 2-
results; early on{2; = 20— 30, the beam protons are heated in the
parallel direction in the 2-D simulation, whereas in the kibwula-
tion the parallel temperature is about constant (see FiggreThis
heating is due to the presence of the oblique modes, whiohotutr
to be important for the evolution of the instability, as we $ater.

3.2. Linear Stage: Parallel modes

Let us now consider in more detail the results of the first phas
of the simulation. During this first stage the magnetic fisldémi-
nated by the RHR mode in parallel propagation as shown irﬂaTigLf1
4, top left and top right, which display the gray level plofstize

Figure5. Simulation results at time = 20€2; ", showing (top)
gray level plots (scale shown in the middle) of fluctuating-de
sities for (left) the totabn. and (right) the beamin;. Only one
third of the simulation box is shown. of Figure. (bottom) Gra
level plots of corresponding spatial spectra. Black cqroesls
to maximum; white corresponds to minimum.
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Figure 6. Results from linear theory, showing contours of (top)
v fo(v)), v1), and (bottom)f, (v., v, ) for (left) maximum and
(right) minimum beam density.

(bottom) black corresponds to the maximum and white corre-

sponds to the minimum; the limited dynamics does not allo& on

magnetic components of the fluctuati®B, andd B, respectively, t0 follow the fast decrease of the spectra for large waveorsct

at timet = 209, *; only one third of the simulation box is shown. k
The gray scale for these two panels is also displayed, irs ufit &
the initial uniform magnetic field. Figure 4, bottom, disgdegray

= /(K2 + k2), which is somewnhat faster thdifi| oc k=, for
¢/wpi > 1.5.
Figure 4 shows that during the linear stage a wide range oég/av

level plots of the corresponding spatial spe¢p?ekx7 ky)|, where is actually excited, even for highly oblique propagatios,naani-
fkayky) =1/V2r [ f(z,y)expli(kzax + kyy)]dzdy. In Figure fested in the spatial variations 6, (see Figure 4, right), while
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Figure 7. Simulation results at time = 18Q; ", showing (top) Figure 9. Simulation results at = 209;*, showing (top) a
a profile of beam density along the axis, given in percent profile of the beam density (in percent of) along thex axis
of n,, and gray level plots of (middlej,(z, v)) and (bottom) (solid line), with a profile of electric potentidl” (in arbitrary
v fo(z,vL). units) plotted (dashed line) for comparison, and gray |leleats
of (middle) fy(x, v);) and (bottom fi(x, v1 ).
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Figure 8. Simulation results at = 18Q2; ", showing gray level
plots of (top)v. fi(v)|,v.), and (bottom)f, (v, v-) for (left) Figure 10. Simulation results at = 209!, showing gray
maximum and (right) minimum beam density. level plots of (top)vL fi(v),v.), and (bottom)fy (v., v.) for

(left) maximum and (right) minimum beam density.

the maximum value ofd B, (k., k,)| occurs for parallel propa-

gation, around the wave vectéy,, where the linear theory pre-  The fluctuations in the beam density follow rather closelysth
dicts the maximum growth rate (indicated by a dashed liné- F of 53, as seen in Figure 5, which displays, in the same format as
ure 4 (bottom right) also shows that the amplitude of theqleli g re 4 (and at the same time= 2002 ), the spatial variations
modes is highest in the vicinity of the “saddle point” of Figd at of the fluctuating totabn. and beamjn; densities together with

kivc/wpi ~ 3.4 andbxps ~ 73 deg. For comparison with linear the- - ; . .
ory, we have replotted (dotted fine) the= 0.195¢; contour line their Fourier spectrum. As expected from linear theory,dbkgue

of Figure 1, in order to illustrate the fact that the obliquedes that Modes are compressive, as can be seen throughout Figure 5.
are present at time= 2092, ! belong either to the same branch of However, the density fluctuations have already reached a non
the dispersion relation as the parallel mode or to the newdbra linear stage; this is apparent in Figure 5, top right, where ocan
that appears at high relative beam density. observe long and narrow regions with large fluctuationséftbam
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density, typically of the order of the average beam dens#glf, Uy
onp ~ my. FOr convenience, these structures are called “filaments” 100

in what follows. They have a typical width approximately avfe
¢/wpi, and a typical length-10 — 20¢/wyp; and are almost aligned 80
with the ambient magnetic field. A typical distance betwega t 60
filaments is~10c/wp;. » 40

3.3. Wave-Particle Interactions: Linear Stage 20
To understand why the growth of the unstable obligue modes 0 ] B )

may lead to the filamentation of the beam, it is interestingttoly 0 20 40 60 80 100 0 20 40 60 80 100
the interaction of the beam particles with these waves whep t X X
are still in the linear stage of their evolution. Note, fitthiat beam : 9
particles may be in resonangguv| + 12 —w ~ 0 with the oblique J
waves as well as with the parallel ones. Let us calculate, tte 100 ‘ ‘ ‘
perturbed beam distribution function that would be obtdijneithin 80 &
the framework of linear theory, if only one unstable obliouave 60
with k£ = 0.46¢/wp; andfxs = 80 deg (see Figure 2) is present. .
For that we use the expression 401

20F

0

0 20 40 60 80 100 0 20 40 60 80 100
X X

Zq iAsin ¢ > aj - 5E€7“¢
1) = = E - - 2
folon,ve, 6) = Re <me = Ry 12 —w @)

which is given byPantellini et al.[1994] orWoodcocK1995]. The . . ) : 4 .

electric field perturbation is taken in the form of a plane @8, oc ~ F19ure1l. Simulation results at time= 302", showing gray
expli(k - x — wt)], and we have used the definitioks= kv, /<, level plots of (top left) mean velocity/, and components (top
vy = v cos ¢, andv, = v, sin ¢, while a, depends oy, v,  M9ht) Ba, (bottom left) B, and (bottom right)3.. The gray
k, andw as well as on the unperturbed distribution functions of Scale used is displayed in the middle.

the beamfy, and background plasmf,; a detailed expression

is given byWoodcock1995]. Figure 6 displays some properties . . .

of the total beam distribution functiofi, = fo, + &f», calcu- dominant oblique mode has broken the g_yro_troplc invarianithe
lated in this way, near a maximum (Figure 6, left) and minimurR€am protons. Thus, at least at the qualitative level, tisesevery
(Figure 6, right) of the beam density. Figure 6 (top) shows-co 9ood agreement between the simulation results and linearth
tours of the “weighted” distribution function, f; (v, v1 ), while A more quantitative comparison of the particle propertitnear
Figure 6 (bottom) shows contours of the distributigi(v.,v,) theory and the simulation would be difficult, because a wistes
of velocities in a plane perpendicular to the unperturbegmetic trum of waves of different properties is present in the satioh.
field. One may notice a significant difference in the beanridist In particular, we have to note that linear theory predicteeppn-
butions between the beam density maxima and minima; there gicular beam temperature lower than that measured in thelaim
more particles with high perpendicular speed near a maxitmam tion, which is probably due to the presence of the nearlyljgdra
near a minimum, and the density modulation appears to belduermodes, which increase the perpendicular temperaturéNsfske
most entirely to those particles, which happen to be in rasoa and Quest1986].

(kv — w ~ +€;) with the wave. On the other hand, Figure 6 We can now understand why the oblique modes (and the asso-
(bottom) shows that the contour levels fa{v., v.) have lost their ciated density fluctuations) reach the nonlinear stage sdlya at
circular symmetry around the unperturbed magnetic fieldclvis  times when the most unstable parallel modes are still initreat
evidence that the beam particles are bunched in gyrophasigeby stage. The parallel modes are essentially electromagrsetithat
wave. any particle trapping will have only a limited effect on thengity.

To compare these predictions of linear theory with the texfl On the other hand, the oblique modes are quasi-electrostatd
the simulation in its early stages £ 18Q; '), we present in Fig- particle trapping will have a substantial effect on the betmnsity
ure 7 the phase space of the beam protons at tirse 18Q;*  with profound consequences on the development of the iitisgab
in a small region of sizelOc/wp; x 10c/wp; Of the simulation
box. Figure 7 (top) shows a profile of the beam density alor§i4. Evolution of Oblique Modes: Filaments
the z axis, averaged over thg direction, and given in percent of ) ) )
the initial background plasma proton density. Figure 7, mid- Let us now discuss the nonlinear phas_e of the oblique modes.
dle and bottom, show the gray level plots of the reducedibistr Figure 9, which has the same format as Figure 7, shows what hap
tion functions ; (z,v;;) andw. fy(z, v ), respectively, also inte- PeNs2{; later, i.e., at ime = 20¢;, to the particles which were
grated iny. The distribution functionf, (z, v),) in parallel veloci- &t timet = 180" in the region displayed in Figure 7; in order to
ties (Figure 7, middle) is apparently affected only throtigh den-  follow these particles, we have selected, for display, &regf the
sity, fo(,v)|) ~ ny(x)exp[— (v — vb)?/vd,], while the distri- simulation box that has been shifted By = 20, v, = 20c/wp;
bution functionv, f;(x, v, ) in perpendicular velocities has lost itsWith respect to that corresponding to Figure 7. Note thatidshed
initial Maxwellian shape since, in the vicinity of beam digpsnax-  line in the Figure 9 (top) is the profile of the electrostatatential
ima, the most probable perpendicular speed is significarigiger V = — [ Exzdx (given in arbitrary units). One can observe that a
than the Maxwellian value. More precisely, Figure 8 showgyray  Very large peak in the beam density/n, ~ 10% has developed
scale plots with the same format as Figure 6, the beam disipilp  in the vicinity of a minimum of the potentidl’; this is not an ex-
functions obtained in the region shown in Figure 7 both nemaa-  ceptional event but represents a typical case of the nanlistage
imum (40 < zwp;/c < 43) and a minimum43 < zw,;/c < 47)  of the oblique, compressive mode.
of the beam density. The simulation and linear theory disie As in the linear phase, the distribution functigy(z, v||) in par-
same differences between the distribution functiong; (v,v.) allel velocities depends on space only through the densityle
calculated near the maximum and near the minimum of the bedhe distribution functionv, f(x,v1) is severely distorted near
density, with an excess of particles of high perpendicufsgesl the density maximum. This appears more clearly in Figure 10,
near the maximum. Figure 8 (bottom) indicates as well that ttwhich displays, in the same format as Figure 8, the distidinst



HELLINGER AND MANGENEY: ION BEAM INSTABILITY

2 2
oA M |
> ] X b ]
) m
0F ] OM
-1d fw'b‘ R
3 2T
2t ! w\//u\\/v
oo .
| — 0l
oC .
3 2
20 f 1t
n 7 N 3
éﬂ/m " o)
@)
i 1 ,{f

0 20 40 60 80 100
S

0 20 40 60 80 100
S

Figure 12. Profiles along the diagonal lineof Figure 11 of (a)
Uy, (b) B, (€) B, (d) By, (e) total density, and (..

either in the vicinity of the local maximum of the beam deysit
(x ~ 36 — 40c/wpi, see Figure 9) or in the vicinity of the mini-
mum of the beam density:(~ 31 — 36¢/wp;). One may see that
near the peak density, most of the beam patrticles have higlepe
dicular velocities; they interact strongly with the oblgmode of
linear theory (see Figure 6). They are strongly gyrophasehed,
in agreement with linear theory (Figure 10, bottom left, &nglure
6, right). Note that the particles near the minimum of dgnaie
strongly gyrophase bunched as well.

The peak in beam density seen in Figure 9 is actually a cri
section of one of the filaments seen in Figure 5, correspgntdin
large fluctuations in the beam densdty, /n, ~ 1. The properties
of the filaments are therefore consistent with the suppsithat

they are formed in the nonlinear stage of the oblique RHR moda

by trapping of beam protons in resonance with the waves.

The waves have a lower phase velocity than the resonant be
particles, a fact permitted in cyclotron resonance; thareethese
particles that are bunched into filaments of finite length emds
section remain in resonance only for a limited time. Thisiketo
the saturation of the instability, an unusual mechanisnedas a
sort of space-localized trapping. These are typically 2fiBots.
Indeed, we performed 1-D simulations of the nonlinear eimfu
of the oblique mode with the same parameters as those used;
saturation level is much stronger with stronger densitytflations
since the concentrations in resonant particles are thenfifite
extent in the direction perpendicular to the wave propagati

3.5. Evolution of Beam Filaments
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Figure 13. (left) ContoursB = 2.4B, at five different times.
Arrows show the time direction and connect the places wih th
maximum value ofB at these times (only part of the simula-
tion box is shown; the dot-dashed line displays the appratém
direction of propagation and the place where the profiles@f F
ure 13, right panel is taken). (right) Spatial profilesi®fat an
oblique direction denoted by solid line in Figure 13 lefgadted

in time (the time difference between two successive stapked
filesis2/€;). Time is given in arbitrary units.

B., By, and B. of the magnetic field, at time = 309;1 in part
of the numerical box (the gray scale used is displayed inreiga,
middle).

Figure 12 shows profiles of variations of the same quantities
(plus the total density) along lineof Figure 11, joining the points
(0,100)c/wp; and(29.3, 70.7)c/wy;. The direction along is, as
we see later, an approximate direction of propagation ofthg-
netic structures. Figures 11 and 12 show strong evidenderthg-

Ofgtic structures are correlated with the regions of highnbéar

total) density.

While the “parallel” magnetic energ¥z) o fBgd:rdy re-
mains almost constant throughout the simulation, we olestre
evelopment of regions of high amplitudes @8, 6B, ~ By,
in the vicinity of the regions of the high beam density. A matu

lanation is that the magnetic field is swept up by the filasie
during their motion, which is strongly oblique with respéstthe
main component of the magnetic field. In these regions of high
0B, ~ By we find also peaks of the total plasma density and the
“perpendicular” magnetic energifs. o« [(B2 + BZ)dxdy in-
dicating that the core plasma and the perpendicular magfietil

e also swept up by the filaments. Note thhbmas and Brecht

88] observed similar effects in 2-D hybrid simulation8hey
have shown that a strong, finite-sized proton beam is ableisb p
the plasma and magnetic field out of a certain region, fornsing
diamagnetic cavity.

Let us call these structures of large magnetic field fluctunsti
0B/Bo ~ 2 “pulses.” They propagate obliquel45° with re-

We now consider the evolution of the beam filaments. They aspect to the ambient magnetic field with velocitie® — 6v4, as
initially almost aligned with the ambient magnetic fieldf bg time shown in Figure 13 (left), displaying the time evolution retcy
goes on, the filaments interact with the growing parallel esand plane of the isocontouB = 2.4 B, of a typical pulse. The arrows
become curved. The reason for this effect is simple: thelparashow the time direction and connect the successive locatbthe
lel modes make the magnetic field lines oscillate, and thmél# maximum value of3; the dot-dashed line is the approximate direc-
protons are forced to follow them. The filaments generategabl tion of propagation of the pulse and is lin®f Figure 11 (note that
structures in the magnetic field, which appear very clearfjigure  only part of the simulation box is shown). Figure 13 (rightps/s
11, which shows gray level plots of thecomponent of the bulk ve- the spatial profiles oB along lines stacked in time (the time dif-
locity U, (proportional to the beam density) and of the componentsrence between two successive stacked profilegds), with the
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level plots of (top left) mean velocity/, and components (top
right) B, (bottom left) B, and (bottom right)B.. The gray
scale used is displayed in the middle.

an elliptically polarized right-handed wave wifi3, /By ~ 1/2
surrounds the left-handed, highly elliptically polarizewnlinear
pulse withd B, /Bg ~ 1.

A possible explanation of the observed left-hand polaiizedf
the pulses may be found in the severe deformation of theilalistr
tion of the beam protons. This is, indeed, the case of thalulision
function of protons, which are displayed in Figure 15 in thens
ity of a pulse (left panels) and in a more “quiet region” odésof
pulses (right panels). Figure 15 (top) shows the distrdufunc-
tion f3,(v)|, v1 ), while Figure 15 (bottom) displays the distribution
fo(vz,v2), with parallel and perpendicular velocities being defined
with respect to the unperturbed magnetic fiBgl. We can see that
the beam has slowed down and that the beam distributioniumct
is strongly gyrophase bunched; the beam distribution mayeloy
described as a ring-beam distribution.

For such beam distributions (which are strongly anisotrpgind
even ring-like) the left-handed resonant mode in obliqueppga-
tion may become important at sufficient high beam densitg [se
Gary et al, 1984;Smith and Gary1987;Karimabadi et al, 1994].

So the left-handed polarization of the pulses may be expthby
the resultant amplification of the left-handed resonant endhis
could explain both the pulse growth observed in Figure 13 and
the change from the highly oblique propagation, charesties of
the quasi-electrostatic mode, to the less oblique propagaf the

(top) gray level plots of the reduced distribution funcBon pyises in the LHR modedary et al, 1984;Smith and Gary1987].
v fo(v), v ) of the beam (left) near the pulse and (right) far The excitation of the LHR mode might thus be the resonant mech

from it. (bottom) Gray level plots of corresponding(vs, v-)

(left) near the pulse and (right) the far from it.

magnetic field amplitude given in arbitrary units, illugirg the

anism that we have invoked for the generation of the strorgyufiu
ation of B, and B,. It remains to be shown that with the observed
beam distributions the relevant instability has enougtettm de-
velop, an effort which is left for future work.

propagation of the pulse alongat velocity2 — 6v4, increasing 3.6. Final State

with the amplitude of the pulse.

To determine the polarization of the pulses, we have pldtied

The plasma-beam system ends up in a highly turbulent medium.

hodograms of the components of magnetic field perpendicalar This is shown in Figure 16, which displays, in the same forasat

the approximative direction of the propagation (like linef Fig-
ure 13, left) and taken along this direction through a pul¥ae

Figure 11, the results of the simulation at time- 100Q; ", in a
limited portion (one third) of the simulation box. It is hatol see

result of this analysis is that the pulses are generallyhafided in any structure; besides, the parallel and perpendiculapéeatures
the plasma frame, with a complicated polarization struetiigure of both the core and beam protons are then almost equal. Autare
14 shows an example of such a hodogram for the pulse illestratanalysis shows that, in this stage of the simulation, therbgarti-
in Figure 13. One may see that the polarization is rather ¢exnp cles get reflected on the oblique pulses and are rapidly tierea.
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4. Comparison With Foreshock Pulsations It is therefore important to check that 2-D simulations apre-
sentative of the physics under consideration. We have pedd
We have shown that obliqgue modes with growth rates lower,thathree-dimensional (3-D) simulations but in a smaller nuozéido-
but comparable to, those of the parallel modes may significar ~ main (100®, dz = dy = dz = 2c/wy:), and we have observed
fluence the nonlinear behavior of the plasma-beam systemneab qualitatively similar pnenomena, the formation of filanseot sim-
certain relative beam density. These oblique modes aréyhigin-  ilar sizes and amplitudes, with a spiral shape and an eliptiross
pressive and lead nonlinearly to a filamentation of the beaithh, section. In the late stages of the simulation we observealthks
large fluctuations in the beam density ending up in the foionaif  appearance of localized 3-D magnetic pulsations with ctieristic
finite-length filaments that interact strongly with the plees sizes and properties similar to those found in the 2-D sitinnia.
The beam filaments sweep up the magnetic field and the caete thatThomas[1989] observed similar effects in 3-D hybrid
plasma and generate through a resonant mechanism magn&iigulations, which were an extension of the previous 2-Dutim
pulses of high amplitudesB /Bo~ 2. These pulses, which havetions of diamagnetic cavities Bjhomas and BrecHf.988].
typical widths~5 — 10c/w,: and typical lengths-10 — 20¢/wp, One may wonder why such structures have not been observed in
propagate obliquely with respect to the ambient magnetid Wéh  previous two-dimensional simulations of the electromaignien
a velocity of the order of-2 — 6v4, increasing with the amplitude peam instabilitiesWinske and Que$1.986] have done two simu-
of the pulse. The pulses themselves are left-handed in #®mal |ations for two special cases, low- and high-density beanbath
frame but are usually surrounded by right-handed waves. cases some oblique modes are present during the linear stiage
_ Itis worthwhile to compare these results with the observane parallel modes dominate the simulation in the nonlistage.
tions of magnetic pulses in the quasi-parallel terrestoegshock |, the case of the high density beam the simulatiokMoiske and
[Thomsen et &l.1990; Schwartz et a).1992;Mann et al, 1994]. Quest[1986] was dominated by the nonresonant parallel mode, so
They have indeed a number of properties in common. As thepulshe simulation is not comparable to ours. However, in thescas
observed in the S|mulat|_ons, those obs_erved in the for_dsslam: of low-density beam (1.5% of the total plasma density) thgsph
found to propagate against the solar wind obliquely wittpees 5 sjtyation is similar to ours; the parallel resonant mbés the
to the ambient magnetic field. They are left-handed in them& a5imum growth rate, but oblique modes are also unstable avit
frame, and their velocity is-2 — 4v,, increasing generally with the |o\ye growth rate. Itis difficult to assert the precise ressahy, in
amplitude. Their scale lengths are generally smaller thawave- - simulations, the nonlinear evolution is so differeuttrthe re-

Ier}gth of ULF waves and comparable to those of the simulatiqlyji ofpinske and Que$1986]. One possibility could be that the
pulses. . _ . spatial resolution of the simulation Winske and Que$t.986] is
In the simulation we observe a significant correlation betwe only 2¢/w,:, S0 that the oblique modes with wavelengths) are
the magnitude of the magnetic field and the density, whicloisa "\ el vesolved, an effect that is strengthened by theetip@int
apparent in the observatiorifomsen et al1990;Schwartz etal. - g, 4thing 1/4-1/2-1/4 of the electric field, which must nuicsily
1992]; but the most significant difference concerns the &0gss. 4, ) ihese nearly electrostatic waves. Another, moreestésison
lsri]gtrr:i(?iI:(;)arrif;cl)grkgtehret);]gfr:etrt]w(r)izcglla?z;?rfe?jn?ﬁlIttrl:gi? mB&;J;%]‘?S may be related to the fact that linear theory predicts thagtfowth
X . rate of the obligue modes decreases when the beam temgaratur
may be perhaps explained by the fact that in the foreshock ihe creases and/o(rqwhen the beam velocity decreases. Thussﬁ?rfm

a more or less stable influx of beam particles, allowing thisgsi - : . .

to reach higher amplitudes than in the present simulatishgre :ﬁsﬂgrtg?n'ﬁsqérphzonﬁg;iniena;;%e?;i%wgogﬁwlgaﬂstmbe

the beam relaxes to a state where its free energy has disappea X Pie, g ¢ » Oblig Yy
fge suppressed. Moreover, the rafigy,| (where~, is the growth

Two other points are worth mentioning. First, a recent wor . .
by Giacalone et al[1993] has shown that the SLAMS are gener_rate of the obliqgue mode ang, is the growth rate of the parallel

. : : _ mode) decreases when the beam density decreases.

Sl wihich appeat near the ailing edge of the SLAGRcalone A thid explanation may be that the resus o the simulation
et al.[1993] suggest that these gradients are due to the factrtat PeNd On the initial noise introduced in the simulation; ties elec-
SLAMS “sweep up’ the ions as they move through the plasm ic amplitudes of the compressible modes with oblique EBE
This process is similar to what we observe in our simulation&'S should be comparable to those of the electromagnetitemo
where the thermal plasma particles are also swept up by te er'th parallel wave vectors, if one wants to study the effefthese
agating pulses while being only slightly adiabatically fee As- °blique modes. If the parallel modes have a much largerainiti
suming that the physical processes are basically the sartieein €V€l; they will dominate the simulation at any time.
simulations and in the foreshock, all particles, both thairand To conclude this discussion, we may speculate about theteffe
suprathermal, would be swept up as well, but the effect woeld of finite mass electrons. The beam compression and filanemtat
more apparent for the suprathermal particles. are due to low frequency, almost electrostatic waves tlaq_it ftes-

Second, observations of the proton foreshockBilkinson et al. Onant beam protons. The electrons react to the potentias $o a
[1993] show strong protons beams (up to about 10% of ambietfooth it and limit the trapping of beam protons; taking iate
plasma density) that are localized in narrow space regidhese count their inertia, they will reduce only very slightly ¢heffect.
beams are somewhat reminiscent of the filaments observétin f herefore we do not expect a significant influence of elestiam
simulation, but the wave activity found Bfilkinson et al[1993], beam filamentation; however, such speculation should bedes
along with these beams, is low and does not easily compaleto t
results of the simulation.

To conclude this comparison with observations, let us sttteest

the results of the simulation suggest that kinetic effette@beam We have shown that for relatively dense proton beams the

protons are important for the generation of SLAMS. Therefar pjique modes may play an important role in the nonlineagesta

is evidently needed to be able to make a more quantitativpadm odes are the parallel ones. A very important aspect is thetfat

6. Conclusion

ison. Such a study is not presently available. the beam particles are resonant both with the oblique arallpbr
modes. However, trapping in the parallel mode does not m®du
5. Discussion density fluctuations at lowest order (however, at higheremsdt

does; seédkimoto et al.[1991, 1993]), but trapping in the com-
As already mentioned several times, the results of 1-D simpressible oblique modes produces first-order density fains.
lations are qualitatively different [see al€dnsager et al.1991; Thus the trapped protons become localized in space, andetia b
Akimoto et al, 1993]; in particular, the pulses observedAkimoto takes a filamentary structure; the beam filaments interatt thie
et al.[1993] have different properties from those described abovnearly parallel waves generated by the ambient beam protons
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interaction which curves the filaments. During this peribd fil-
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Hellinger, P., and A. Mangeney, Upstream whistlers geedrdty pro-

aments sweep the magnetic field and cause the appearance of réons reflected from a quasi-perpendicular shdclGeophys. Resl02,

gions of large amplitudes ofB,. The core plasma is partially

swept along, and a large density fluctuation appears. The déea
tribution functions become highly anisotropic and may &fgphe

magnetic fluctuations, which, created in this way, are fognhag-
netic pulses with left-hand polarization and propagatiwadaions
intermediate between that of the initially unstable obdiquodes
and the unperturbed magnetic field.

9809-9819, 1997.

Ipavich, F. M., G. Gloekler, D. C. Hamilton, L. M. Kistler, dd. T. Gosling,
Protons and alpha particles in field aligned beams upstréahedoow
shock,Geophys. Res. Letil5, 1153-1156, 1988.

Karimabadi, H., D. Krauss-Varban, N. Omidi, S. A. Fuseliemd
M. Neugebauer, Low frequency instabilities and the resgltveloc-
ity distributions of pick-up ions at comet Halley, Geophys. Res92,
4423-4435, 1994.

We expect that similar nonlinear behavior of the beam-p&snyann, G., H. Liihr, and W. Baumjohann, Statistical analgsishort large-
system may arise when the obliqgue modes have a growth rate com amplitude magnetic field structures in the vicinity of theagisparallel

parable to the most unstable parallel modes and when thalinit

level of fluctuation of these modes is of the same order.

obligue modes may be important for the structure and ditisipa

within the Earth’s bow shock; but more realistic simulagcend
more detailed comparisons with observations are neededtér-d

mine the role of these obligue modes. This will be the subpéct

future work.
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