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We review the effect of finite amplitude circularly polarized waves on the behavior of linear ion-beam plasma
instabilities. It has been shown that left-hand polarized waves can stabilize linear right-handed instabilities [1].
It has also been shown that for beam velocities capable of destabilizing left-handed waves, left-hand polarized
large amplitude waves can also stabilize these waves. On the other hand, when the large amplitude wave is
right-hand polarized, they can either stabilize or destabilize right-handed instabilities depending on the wave
frequency and beam speed [2]. Finally, we show that the presence of large amplitude left-hand polarized waves
can also trigger electrostatic ion-acoustic instabilities by forcing the phase velocities of two ion acoutic waves
to become equal, above a threshold amplitude value.

1 Introduction a large amplitude L-wave.
We also show here that the presence of an L-wave trig-
The nonlinear stability of finite amplitude circularly polari- 98rS electrostatic instabilities above a threshold amplitude.

zed electromagnetic waves in ion beam-plasma systems ha}'hese instabilities occurs when the phase velocities of two
been thoroughly studied through the years [3, 4] because ofSoUnd waves are equal [9, 10, 20]. These authors have

its importance in several space plasma environments and laS"OWn that when the ion acoustic wave phase velocity of the

boratory plasmas [3, 4, 5, 6, 7, 8]. Parametric wave-wave sound waves moving forward relative to the proton back-
interactions of circularly polarized electromagnetic waves 9round and backward in the frame of the alpha particle be-
in a plasma involving alpha particles drifting relative to the come equal, they trigger electros.tatlc instabilities between
proton, have been studied by [9, 10, 11]. Their nonlinear these two modes. They also notice that the presence of a

evolution has also been studied by using drift kinetic effects 12r9e amplitude L-wave can partially stabilize the electros-
[12] and hybrid computer simulation techniques[13]. Stu- tatic |nst§1b|llty [S. 1.0' 20]. Here we show that even if ini-
dies have been carried out by [14, 15, 16], including the ef- tially the ion-acoustic waves moving forward and backward

fects of dissipation and of the beam drift speed. The effect "élative to the background proton core are stable, the pre-
and the evolution of the beam for right and left handed pola- S€Nce of a large amplitude L-wave can force the phase velo-

rized waves, have also been studied by using simulation ex-Cities to become equal, triggering thereby, the electrostatic
instability. In this sense the presence of the large amplitude

periments [17]. These studies have considered linearly sta- X . .
ble systems[9, 10, 14, 15, 16]. Proton beams observed in theVave can also affgct the properties of the Ilnea'r electrostatic
solar wind display large drift velocities which can be larger S'€aming acoustic waves for an L-wave amplitude above a
than the necessary velocity to generate a linear beam-plasmi'reshold value.

instability [18]. In [1], it was found that the behavior of li- The plan of the paper is as follows. In Section 2, we
near electromagnetic right-handed polarized instabilities (r- briefly discuss the linear proton beam-plasma dispersion re-
instabilities) in a beam-plasma system can be affected by thdation in the cold plasma approximation, and a brief deriva-
presence of a finite amplitude left-handed polarized wave tion of the nonlinear dispersion relation for L and R-waves
(L-wave). It was also shown that r-instabilities can be stabi- (finite amplitude right-hand polarized waves) will be pre-
lized by L-waves in a linearly unstable proton beam-plasma sented. Next in Section 3, the nonlinear dispersion relation
system. These results were confirmed by using computemwill be studied graphically for several situations. It is shown
simulations [19], where it was also argued that the observa-there that the threshold amplitude of L-waves required to
tional results of [18] could be explained by the presence of stabilize the linear r-instabilities increases with increasing
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proton-beam velocity and, for fixed drift velocity, it decre- lation. To this end we use a fluid description of the plasma.
ases with increasing L-wave frequency. For larger beamWe assume the plasma to be composed by electrons, back
drift speeds, L-waves can also stabilize the left-hand pola-ground protons, proton beam, and an L-wave propagating
rized instability (I-instability). The mechanism is more ef- along the external background magnetic field. Each plasma
ficient for L-wave frequencies closer to the proton gyrofre- component satisfies the following fluid equation of motion,
guency. In the case when there is a R-wave in the system,

it is shown that the part of the linear unstable spectrum be- .
low the wave frequency (which, depending on the beam drift < 0 s ﬁ) o @ ( 5 1 ~> Vp

velocity, may involve right as well as left-handed instabili- ot E+ixB @

ties) can be completely stabilized for pump wave amplitudes
above a threshold value. It is also shown that the presencevhere is the bulk velocity,g; the electric chargey,; the

of R-waves p_r_o_duce the same stabilization effect on the li- mass,E and B the electric and magnetic field respectively,
near r-instabilities. We have also found that the presenceg,q p the pressure.

of a L-wave produces electrostatic instabilities above a th- ~ ag pointed out before, the dispersion relation given by
resho_lql amplitude. These instabilities oc_curwhen t_he phaseEq_ (1) was first derived by linearizing Vlasov’s equation
velocities of the forward and backward ion-acoustic sound 22], and using the semi-cold approximation. Later on
waves supported by the background proton population be-jt \as derived by using first order perturbation theory on
come equal. The results are summarized and discussed ifhe fluid Eqgs. (2) for zero temperature[9]. Finally, it was

o

my mmy’

Section 4. also shown to be an exact solution of Egs. (2) for zero
pressure[11].

. . . In order to derive the nonlinear dispersion relation, we

2 Dispersion Relation follow a similar procedure to [9, 11]. Thus, we perturb the

fluid Egs. (2) including the left-hand polarized electromag-
netic wave moving in the direction of the external magnetic

The linear plasma dispersion relation for circularly polari- . .
P P y P field along the x-axis, as follows,

zed electromagnetic waves propagating in the direction of an
external magnetic field in a system consisting of electrons, a
proton core, and a proton beam, is given by [21, 22, 23, 24],

du, = Re[uexp(ikz — iwt)],
. T} n(zo — yoU)? dE, = Releexp(ikx —iwt)],
N e T T (w0 —yoU) @ uk
0 0~ Yo on, = noRe[W exp(ikz —iwt)],  (3)

where zop = wo/Q, Yo = kova/Qp, va = ¥ 0
BO/(47r.anp)1/2 is the Alfvén speedl/ = V/v, is the whereVy, = V is the beam speed.
normalized beam velocity) = n;/n. is the beam density For quantities perpendicular to the external magnetic fi-
relative to the core densitf}, = ¢By/cM, is the proton eld we write,
gyrofrequency.

The dispersion relation, Eq. (1), is valid in a current-free du; = uy exp(ikyx —iwt) + u_ exp(ik_x — iw_t),
plasma and in the reference frame where the proton coreis atj
rest [22]. For an alpha particle beam the dispersion relation
was first derived by using kinetic theory in the semi-cold ap-
proximation [22], and later on by using fluid theory [9]. The
dispersion relation for an arbitrary ion beam can be found in other handks = ko & k andws — wy + w, whereko and

[21].
wp are the frequency and wavenumber of the pump wave,
We now derive very briefly the nonlinear dispersion re- which satisfies the dispersion relation in Fig. 1.

T T T 2 T
(b)
-F
+F ﬂ 18
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\ : 16+

14r

= by exp(ikyx —iwyt) + b_ exp(ik_x — iw_t),
0j1 = j4+ exp(iktx — iwst) + j_ exp(ik_x — iw_t), (4)

whereu | = u, +iu,, and similarly forB, andj,. Onthe
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Figure 1. Nonlinear dispersion relation, Eq. (bys.y, forn = 0.2, U = 2.3, 8; = 0.001, o = 0.1, for (&) A = 0, and (b)A = 0.81.
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LiL D+LyR B .+ LR 4B cs,+L R{By+L _Ry;,By
+(B—ccB+b - B—cch+)(R—R+b - R—bR-I-)/D =0. (5)

In the last equation,

Ly = yi—a%/ve—n2i, /v
2
Yy T+
Ry = yulwo— 2204 T2y )9
+ y+(wo Yo wi)/ o
2
YTy, T+p
Ry = wop — LX0 4 TEby
+b nY+(Top o wib)/ op
D = B Anryx® + B Az — AAy(zap)?
By = —f.Bynnrexy, + Baa®(Binry — Apxd)
By, = —f.Byiryrxy + Bipai(Blr — Ax?)
B_ e = —B.B_cannrzzy + B_ a2 (Binry — Aprd)
B_.cp 7ﬂéB—ccl7ﬂbsz + B—ccblxz(ﬂér - AIZ)
B A (s T — Yooy T )
w1 = -
0 YoY+T(v)
By = A ) (Y=Y— ) 5y — Yo%or) T2 (1))
“ YolY—T(b)
Bpy?
A = A+r(l- 22 )
2
Ab = A"‘Tb(].— ﬁ;g )
b
6 = 4mn,yKT;/B2 (l=e,c,b
P 0

TABLE 1. Characterization of the various modes appearing in Eq. (5). The + (-) sign refers to the upper (lower) sideband waves, and |l

ry, =x —yU

Top = To — YoU
B

A= (§0)2

Tb) = o) Y+ )V

o =1—1xo

thop =1 — zop

Yr=1—m4

Yy =1—124p

Ty =9t T

Y+ =Yooty

Typ =T+ —y+U

Bl = Bey?/(1+n).

(rh)left-hand (right-hand) polarization. F refers to the branch of the pump wave, and b to the branch due to the beam.

+(-) F Ih (rh) forward propagating

+() B rh (Ih) backward propagating

+(-) b Ih (rh) forward propagating

+() s ion-acoustic forward (backward) propagation
+(-) sb beam ion-acoustic forward (backward) propagation

The finite amplitude wave is characterized by the coordi- ton core in the directon of the magnetic field, and Eq. (7)
natesry andyg, and it is at the origin of the (x, y) coordinate corresponds to ion-acoustic waves supported mainly by the

system. For zero pump intensity, = 0, Eqg. (5) reduces to
L, L_D = 0. The solutionLy = 0, corresponds to the

proton beam. They move forward and backward relative
to the beam, along the external magnetic field. The solu-

dispersion relation of the upper and lower side band waves tions of L. = 0 give the various branches of the disper-

respectively. The other solutioB = 0, corresponds to the
sound waves present in the system which,/fox 1, are
given by,

v~ +(8. + 5,)' %y, (6)
(@ —yU) ~ +(8)"?y, @)

sion relation. The crossings between the solutions give the
position and nature of the possible wave couplings of the
system. The solutions of the nonlinear dispersion relation,
Eq. (5), are invariant under a rotation through an angle of
180°. Therefore, it is sufficient to analyze the solutions in
the upper halfv — k& plane [9, 10, 20, 14, 15, 16]. Note
that for A = 0, only the ion-acoustic modes depend on the

Eqg. (6) corresponds to the ordinary ion-acoustic wa- temperature. Note also that the cold plasma dispersion re-
ves propagating forward and backward relative to the pro- 1ation for electromagnetic modes is a good approximation
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in those regions of space whefe; = (v, i/va)? < 1
(Ven.i = /2KT)i/M;) is the thermal velocity of spe-

L. Gomberoffet al.

Alfv én waves. It is simple to show that the I-instability is
the first to be stabilized a4 increases.

cies i). This may happen either for small temperatures -and

also for not so small temperatures[27, 21]- or for very large
Alfv én velocity relative to the thermal velocity, like e.g., in
coronal holes [28, 29]. Eqg. (5) corresponds to the disper-
sion relation for L-waves. The dispersion relation for R-
waves can be obtained by replacing (x, y) by (-x, -y) and
(z0,¥0) by (—z0, —y0). Alternatively, one can simply take
(—x0, —yo) for the frequency and wavenumber of the R-

wave and leave the rest unchanged. This is so because th

(%, y) plane is invariant under rotations through an angle of
180.

3 Graphical Analysis of the Nonli-
near Dispersion Relation

In order to study the nonlinear dispersion relation Eq. (5)
we use a graphical method first used by [30].

3.1 Linear Instabilities in the presence of L-
waves

We start by studying the effect of varying proton-beam ve-
locity on the stabilization of the linear r-instability due to
the presence of an L-wave. In [1] it was shown that for
G; = 0.001, n = 0.2, U = 2, an L-wave of frequency
xo = 0.1 stabilizes the linear r-instability fad = 0.16. As

U increasesA; is expected to increase too. In Fig. 1la we
illustrate the situation fof/ = 2.3 andA = 0. The gap
between the two curves denoted by -F and -b corresponds t
the linear r-instability [1]. The lines denoted by -F and -b

are lower R sideband waves propagating in the direction of

the external magnetic field [1]. In Fig. 14, = 0.81 and the
gap between -F and -b has disappeared showing, thereb
complete stabilization of the linear r-instability. Thus, the
threshold amplitude is now; = 0.81, instead ofA; = 0.16

for U = 2 as expectedd; increases with increasirg [1].

In Fig. 2a we have takemn, = 0.5, andA = 0. The other

parameters are the same as in the previous figure. In Fig

2b, we have takenl; = 0.7, and the instability is comple-
tely stabilized. Thus, as the L-wave frequency increases, th
thresholdA;-value decreases [1]. In general, for fixédthe

instability threshold continues to decrease as the L-wave fre-
)

guency approaches the proton gyrofrequency. The effect i

very pronounced for frequencies very close to the resonance

For example, fot/ = 3, andzy = 0.3, A; = 2.5. However,
for the same drift velocity but foxg = 0.95, A, = 0.47.
Finally, in Fig. 3 we consider the cagé = 2.8. In this

case there are both r and l-instabilities. In Fig. 3a we have

plotted the nonlinear dispersion relation fay = 0.9, and

A = 0. The arrow shows the linear instability region. In
Fig. 3b,A = 0.63. The linear instability is completely sta-
bilized. including the l-instability region corresponding to

Y

e

3.2 Linear Instabilities in the presence of R-
waves

We shall now study the effect of an R-wave on the linear
instability. To do this, as explained above, one can simply
chooser to be negative and leave the rest unchanged. Thus,
we take an R-wave of frequenay = —0.1. The other pa-
rameters are the same as in Fig. 1. In Fig. 4a we illustrate
the linear instability forA = 0 andU = 2. This corres-
ponds to the gap involving -F and -b. Note that these two
roots correspond now to upper sideband waves while for an
L-wave they correspond to lower sideband waves [1]. In
Fig. 4b, A; has been raised td = 0.146. The gap has
disappeared altogether indicating complete stabilization of
the linear r-instability. This is a similar situation to [1], but
now the stabilization is due to the presence of an R-wave.
We shall now increase the beam drift velocitylfo = 4.

As shown in Fig. 5a, there are several linear instability re-
gions, r/l-instabilities. The region between B and C, and D
and O are r-instabilities, while the region between O and
G is l-instability. In the following we study the effect of a
R-wave on these instability regions. To this end, we take
xo = —0.1025, with corresponding, = —0.1. As it fol-
lows from Fig. 5a, in this case the pump wave is unstable.
In Fig. 5b we show the nonlinear dispersion relation, Eq.
(5), for A = 0. The other parameters are like in the previous
figures. There are two right-hand polarized instability regi-
ons. One going from the origin to the point denoted by D,
éamd the other from the C to B. The other two instability regi-
ons cover the gap between the origin and the point denoted
by G. In Fig. 5c, we have raised the pump wave amplitude
to A = 0.1, and we see that, except for the region between
he points D and C, the whole right hand branch has been
destabilized. In Fig. 5d we have raised the pump wave am-
plitude further toA = 0.21, and one can see that even the
small stable region between D and C is now unstable. In
other words, for a R-wave witd > 0.21 the branch of the
dispersion relation above the pump wave frequency is com-
pletely destabilized. In this case the pump wave acts in the
opposite direction than the left hand pump, i. e., it helps the
destabilization of the this branch. For the same parameters
of Fig. 5b, in Fig. 6a we show again the dispersion rela-
tion x vs. y, and concentrate on the gap between the origin
and the point denoted by G in Fig. 5a. This region invol-
ves an r-instability which goes from the origin to the point
x = 0.1025 andy = 0.1, and a l-instability going from this
pointto G. In Fig. 6b, the wave amplitude has been raised to
A = 0.8. From this figure it follows that the point G is now
closer to the origin, showing stabilization of the l-instability.
In Fig. 6¢, we have raised = 1.35 in order to show that
the whole region is now stable.
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Figure 2. Same as Fig. 1, bug = 0.5 for (a) A = 0, and (b)A = 0.7.
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Figure 3. Nonlinear dispersion reltion, Eq. (3)ys.y, forn = 0.2, U = 2.8, 3; = 0.001, 2o = 0.9, for (a) A = 0, and (b)A = 0.63.
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Figure 4. Same as Fig. 1, but for a right-hand polarized pump of frequaney0.1 andU = 2, for (a) A = 0, and (b)A = 0146.
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Figure 5. (a) Linear dispersion relatiof vs. yo for a right-hand polarized pump wave with= 0.2 andU = 4. (b) Nonlinear dispersion
relationz vs. y for a right-hand polarized pump wave of linearly unstable frequency- 0.1025, with » = 0.2, 5; = 0.001, U = 4 and
A=0,(c)A=0.1,and (d)A = 0.21.

3.3 Electrostatic Instabilities in the presence pagating in a linearly unstable beam-plasma system. First,
of L-waves we assumed an L-wave and we showed that as the bean
velocity increases the threshaolj-value also increases. On
We now study the ordinary ion-acoustic waves given by Egs. the other hand, for fixed drift velocity, the threshold required
(6-7) in the presence of an L-wave. In Fig. 7a we show to stabilize the linear r-instability decreases with increasing
the nonlinear dispersion relation fop = 0.3 with corres- pump wave frequency. In Fig. 8. the results are extended
pondingyy = 0.4033 for 3; = 0.01 and A = 0, in this to various values of; and L-wave frequencies féf = 2.2
case there is no instability regions associated with the ion-andU = 2.3. As it follows from Fig. 8,4, increases with
acoustic waves. In Fig. 7b we have raised the L-wave am-increasing drift velocity, and decreases with increasing wave
plitude to A = 0.293 and the arrow in the figure indicates frequency for fixed drift velocity.
how the phase velocities of the ordinary ion-sound waves  tnase results may have important applications. For

appfo"?‘Ch eac_h other. In Fig. 7c we have raiAeﬁ_i 0.3, t.h.e example, [17] using hybrid simulations for a solar wind type
arrow in the figure shows it has appeared an instability ré- n35ma showed that the ion beam instability leads to a pro-
gion that correspond to an interaction between these sound,, heam anisotropy, = T\ /T} > 1 [see Figs. 2a and
waves. This instability is e]ectrostanc in origin and d995 4a). This result is consistent with previous similar studies
not correspond to parametric decays of the large amplitudes,” yiher space environments [3]. However, these results

wave, because it does not involve modes associated with the, ¢ i, contradiction with the observations performed by [31]
band waves. The free energy source of this instability is de-, hich show the opposite tendency, i. By, < 1. One pos-

rived from the kinetic energy of the proton beam. In general gj,|e explanation for the discrepancy is the absence of large
we have found that this instability appears for L-wave am- ympjitude waves (see Figs. 2b-2c, and Fig. 3, and also Figs.
plitudes above a threshold amplitude. 4b-4c, and Fig. 5).

Moreover, there seem to be contradictory observations
i from Helios [18] and Ulysses [32], concerning the pro-
4 Summary and Conclusions ton/proton drift velocity. [18] found that more than 20% of
the observations were apparently above the linear thresholc
By solving graphically the nonlinear dispersion relation Eq. for instability, while further away from the Sun, at 3 AU,
(5) [30], we have shown the following properties of a system [32] found that most of the events lie below the linear insta-
containing a finite amplitude circularly polarized wave pro- bility threshold. On the other hand, according to quasi linear
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Figure 6. Same as Fig. 5b for (d)= 0, (b) A = 0.8, and (c)
A =1.35. 0
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Figure 7. Dispersion Relation, Eq.(5), showing the ion acoustic

. . . . . waves S,+S) for U = 2.0, 5; = 0.01, zo = 0.3, yo = 0.4033,
linear theory [4] and simulation experiments [17], the insta- (@) A = 0, (b) A = 0.293, the arrow in theofigure indoicates that the

bility must lead to a decrease of the drift velocity below the pnase velocities of the ordinary ion-sound waves approach each
threshold value, and to an increase in the thermal anisotropyother. (c)4 = 0.3, the arrow in the figure shows the instability
of the proton beam, i. el;;, > 1. However, at least in the  region corresponding to the electrostatic instability.

case of Helios, some of the observations of the drift velocity

lie above the instability threshol@, <U< 4. The persis- . .
tence of these unstable distribution has been a problem awai- Next, we studied the effect of an R-wave on l/r-linear
ting resolution [17]. In addition proton beams do not show beam-plasma |nstab|I|t|es_. We cons_ldered the case when t_he
a clear increase in the thermal anisotrapy,> 1, [31]. If, frequency of the R-wave is in a region where the system is
however, large amplitude left-handed waves are present inlinearly stable, and second in a region where the system is
the system, the threshold beam drift velocity for linear ins- linearly unstable [2]. We showed that the presence of the R-
tability increases (relative to the threshold in the absence ofwave can stabilize the linear instability. This is illustrated in
large amplitude waves) rendering the system linearly stableFig. 4. In Table 2., these results are generalized for various
[1]. frequencies and values gf. As it follows from Table 2,
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TABLE 2. Threshold R-wave amplituded,, for various pump linear instability itself, and if its amplitude can grow until
wave frequencies, angk A = A4, the linear instability can be saturated by the same
wave triggered by the instability.
. Thus, we have shown that a finite amplitude L/R-wave
n U To Yo Bi Ay ; ; . .
02 20 0001 000116 0001 0153 can _a_ct as a saturation mecha_nlsm for r/l hand po!anzed ins-
001 0151 tabilities. Another way of looking at these results is the fol-
01 0135 lowing. Linear beam-plasma electromagnetic instabilities
1.0  0.100 behave in a different way in the presence of a finite ampli-
0.01 0011581 0.001 0.151 tude L/R wave. For example, in the linear theory and in the
0.01 0.150 absence of a finite amplitude wave, in order to trigger the r-
0.1 0.134 instability, the drift velocity of a proton beam with= 0.2
1.0 0.110 moving in the direction of an external magnetic field, must
0.1 0.112560 0.001 0.144 have a drift velocity > 1.95 [24, 33]. However, the pre-
0.01 0.142 sence of a finite amplitude polarized wave can stabilize the
0.1 0.123 linear instability when the amplitude satisfids> A;. For
1.0 0.100 the particular case whdi = 2.0 with the other parameters

like in Fig. 1, the system is completely stabilized in the pre-

sence of a L-wave wittl; ~ 0.16 [1]. This result is shown
A, increases with decreasing This behavior is similar  in Fig. 9a. This means that in the presence of the L-wave
to the one encountered in the case of a L finite amplitudewith A = 0.16, a larger beam drift velocity is required to
wave. On the other hand, the presence of the wave stabitrigger the r-instability. In fact, in Fig. 9b we have increased
lizes the region between the pump wave frequency and O,from U = 2.0 to U = 2.1 in order to show that the insta-
and the region between O and G, for> A, (see Fig. 6). In bility has reappeared. Of courseAdf > A;, a much larger
this case, the finite amplitude wave can be triggered by thedrift velocity is required to trigger the instability.

0.8 U-2.3 (a) 0
0.6 erereenrnnnl =2. 2 >
..................... 0.
A 0.4 A
0.
0.2 U2 0
0

0 0.02 0.04 0.06 0.08 0.1
B

Figure 8. (a) Threshold L-wave amplitudé;, vs. 3;, for fixedzo = 0.001 and several/ values:U = 2.0 (dashed line)[J = 2.2 (dotted
line), andU = 2.3 (full line). (b) Threshold L-wave amplituded:, vs. frequencyzo, for fixed 3; = 0.01, andU = 2 (full line), and
threshold R-wave amplitude for complete destabilization of the r-instability for the Salmg U = 4 (dashed line).

15 15
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05
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L L L L L L
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Figure 9. Same as Fig. 1, but for (@)= 2.0 andA; = 0.16, showing the stabilization of the linear right-hand instability, and/{b¥ 2.1
andA; = 0.16, showing the destabilization of the linear instability.
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