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Trapping and excitation of modes in the magnetotail
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A slab model of the magnetotail lobes is studied, and the trapping and excitation of fast
magnetoacoustic modes is considered. The tail lobe is taken to be uniform with the magnetic-field
stretching parallel to the flow in the magnetosheath. The modes are assumed to be trapped between
free magnetopause boundaries. The ideal magnetohydrody(idiil2) equations are used to study

the effects of linear perturbations to this equilibrium state. It is found that the plasma parameters in
this region mean that fast magnetoacoustic waves are unlikely to be Kelvin—HelniKéliz
unstable for realistic flow speeds, and in fact these modes are likely to be leaky, losing energy across
the magnetopause boundary. However, the decay rates of modes propagating both with and against
the magnetosheath flow are found to be small for reasonable plasma parameters and this boundary
may be reasonably assumed to be reflecting for the purposes of wave guide theory. Slow modes are
found to have very small growth rates and since in the magnetotail lobes the plasma beta is very low,
they are not expected to be important. 2000 American Institute of Physics.
[S1070-664X00)02104-7

I. INTRODUCTION the magnetopause for a magnetotail like geometry. They
) . ) o considered an infinite uniform region on either side of the
In t_h|s paper we examine the trapping _and driving Ofmagnetopause with both the magnetic fields in the magneto-
modes in the magnetotail by the shear flow in the magnetogphere and magnetosheath being parallel to the flow in the
sheath. In the magnetotail the magnetic-field lines argn,qnetosheath. They showed that the flow speed at the onset
stretched out parallel to the flow in the magnetoshésé® ¢ yhe instability of the fast surface mode varies little with

Fig. 1. The fact that the magnetosphere has a long tail hage angle of propagation and was close to the onset of the
been known since the proposal of the open magnetosphe[ﬁstabi”ty for an incompressible plasma.

model by Dungey(l%])_.l Qungey(19632 calculated the Elphinstoneet al. (19952 observed fast waves traveling
length of the magnetotail using the fact that reconnected fielgl,\yards the Earth using the IMP 8 satellite. These modes
lines are connected to the Earth via the polar caps. Knowingyere |inked with a source 3 down tail and indicated that
the electric and magnetic-field strengths at the caps, thge magnetotail could act like a wave guide for these modes.
speed at which a field line would move across the cap Wag|jan and Wright (1998 showed that the nonuniform na-
calculated and thus the time taken for a field line to convect 1o of the magnetic field allows these fast wave guide
from the reconnection point at the nose of the magnetosphetg ,jes to couple to Alfsewaves in the outer tail which will

to the point at which the lines reconnect in the tail could be 5\ e| earthward faster than the fast modes that are confined
calculated. Multiplying this time by the solar wind speed, {5 the middle of the tail.

Dungey obtained a value of about 10RP for the length of In this paper we study the nature of the magnetospheric
the magnetotail. Magnetometer data show observations cHoundary in the tail, and thus examine the ability of the
oscillations with frequencies of the order of millihertz and magnetotail to trap and excite modes between the northern
lower [Herron(1967°] and eigenfrequencies of t?e r_ight O~ and southern magnetopauses for a slab model of the magne-
der have been found by McClay and Raddsia67" using a 414l Our calculation is best thought of as an extension of
cylindrical magnetotailthe “theta” mode). The magnetic e models which have a single magnetopause separating
field in the theta model was taken to be uniform in the tOPrwo semi-infinite medide.g., McKenzie(1970a:** Pu and
and bottom of the wave guide, but with a reversal of direc;ye|son (19834, Our calculation includes a finite size
tion across the middle. Models wgcludlng the plasméal sheef,agnetotail wave guide, in contrast to the semi-infinite tail
were also developeSiscoe(1969;> McKenzie (19700°].  |gpe of these studies. We are primarily concerned with the
. Morfa rece“t',y work has included the behavior of WaVvESeffact of a finite width tail, and so take a uniform tail in this
in the high-density plasma/curr7enj[ sheet at theacenter of tBreliminary investigation, rather than including a realistic
magnetotaile.g., Sebold{1990;’ Liu et al. (1995 ]It hgs plasma sheet, lobe and mantle structure. We are able to con-
been shown that waves may be trapped in the low Afve gijer hoth symmetric or antisymmetric modes, and in this
speed Jegion at the center of a current stigetwin etal.  aher focus upon those with a node of normal plasma dis-
(1986;" Smithet al. (1997)13]' placement at the tail center as these should be relevant to
Pu and Kivelsor{1983" modeled the surface waves at gy qying sub-storm-related phenomena. It was shown that
the trapping and excitation of modes in the magnetospheric
dElectronic mail: andy@dcs.st-and.ac.uk flanks is determined by the local properties of the plasmas
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B Plasma Mantl We add a small perturbation to each of our equilibrium
N o : : .
guantities and normalize and Fourier analyze the ideal MHD
equations to obtain our dispersion relation
( w?—k%?2, cod a)
€
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explim;)+exp—im;)| '?
explimy)—exp(—imy)) m,

wherew is the frequency of the oscillations which we allow
to be complex so thab=w,+iw;, k=(0ky,k,) is the
Plasma Mantle wave vector tangential to the magnetopause boundaisy,
the angle between the wave vector and the equilibrium mag-
FIG. 1. A schematic diagram of the geometry in the magnetotail. We havgygatic field €=po1/pop is the ratio of the inner and outer
taken a cut from North to South and the Earth is to the left in this picture. L ' o1’ Fo2 .
densities, andn; and m, are the wave numbers in the
direction in the magnetotail and magnetosheath, respectively.
either sides of the magnetopauéills et al.(1999;'° Mills ~ These wave numbers are defined as
and Wright(1999°] which is true in this case also, and so
7 . (wZ_kZCZ)(wZ_k2C2 )
we model our tail as effectively and extended lobe. m2= f slow 2
The structure of this paper is as follows: In Sec. Il we set L (cf+cdp) (02 —k3c%)
up our model, the results for slow modes are summarized in

YYyvyy
eb!

Sec. lll, and the results for fast modes are presented in Sec. w'?—k?c,
IV. Finally, in Sec. V we summarize our results and discuss M2~ C22 ' ©)
S.

the consequences for the magnetotail.

where c; and ¢y, are the fast and slow magnetoacoustic
Il. MODEL AND EQUATIONS speeds in the magnetotail respectively, given by

We consider a straight bounded model of the magneto- 2o = (02 +c2)
tail lobe with a free boundary connecting it to the magneto- ~/slow 21 7al 7 sl
sheath so that energy from the magnetosheath flow may pass +/— \/(U§1+ ci)2—4vi,ci cog a), (4
into the magnetotail and drive unstable modes, while leaky
modes may lose energy from the tail into the magnetosheathvith v,; andc; defined as the sound and Alfvespeeds in
The magnetotail is taken to have a uniform straight equilib-the magnetotail, respectivelgs is the tube speed along the
rium magnetic-fieldB in the y direction, and a nonzero wave vector defined by
plasma pressur®,, and density,; (see Fig. 2 The model

Ly . . .. 2.2 2 2

magnetosheath has no equilibrium magnetic field, a finite 2> CiCsow  Vaila 2
plasma pressure?,, and density,p,, and is taken to be CT_Cf2+ Clow UaytCy cos a, )
flowing in the y direction with a uniform speedy,.
Throughout this paper we will use quantities normalized toand o’ = w — kv, cosa is the Doppler-shifted frequency in
the equilibrium density and sound speegd, in the magne- the rest frame of the magnetosheath. Wheis purely real
tosheath and the depth of the tail loloe Plasma pressure is (i.e., the modes are stablave may classify the modes as
normalized by the quantity['P,, magnetic fields by either body or surface modes. This is defined by the sign of
VI'P,oue, Wherel is the ratio of specific heats, and time by mf. If m§<0 (so thatw/k<<ct or cqe< w/k<<c;) the modes
d/cg,.) Thus we take the magnetopause to be situated at are surface modes and have an evanescent character in the
=1 and from here-on in, all quantities referred to will be magnetotail lobe. The dispersion relation for stable surface
taken to be in normalized units. modes may be written as

t € (0*—K%E cos @) \/(cgz—(w—kuocoSa)2)(c$+ 2o (@2 —k%c?) 6
AN = o (=K, cosa)? (27— w?) (07— K2y, ’ ©
wheren2=—m32. Whenm?>0 (so thatc;< w/K< Cgq,, OF w/k>c;) we find body modes, which have an oscillatory character
in the magnetotail lobe. The dispersion relation for stable body modes may be written as

e (0?—kW2,cofa) [(ci—(w—kv,Cosa)?)(CE+ Con,) (02— k3c)
tan(m,) = P

22 (w—kv,cosa)? (@?=K°ch) (0”—K’CZqy)

, )

Downloaded 01 Feb 2008 to 138.251.201.127. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



1574 Phys. Plasmas, Vol. 7, No. 5, May 2000 K. J. Mills and A. N. Wright

B,=0 P P2#0  magnetosheath T 5 RRR 77
g 2
—_— 9, n 4E
z=d magnetop 3 /
S 3 2 oo
Q / 3 / e
By < magnetotail ) ? . g-dd
A N\
B0 poPy*0 § 1 PR N ]
= K
=0 ;2 o . . . . \
FIG. 2. A schematic representation of the northern half of our bounded 0.00 0.10 0.20 0.30 0.40 0.50
magnetotail model. a/n

FIG. 3. The variation of the regions of phase spégislen in units ofc,)

When the modes are unstable; ¢ 0) the modes cannot be Whef‘z F’iﬁerer_‘t ’;‘Ode types ?ay ﬁXiSt "‘C’jth proPag;FiO”h a“gl')@f thed
classified so neatly into body and surface modes. Indeed, tﬁgﬁgﬁsﬁ 'tshg fn;ngiger;?s%sh;itwﬁgﬁ 0,53?5%253 S(')su; dest:eg e
both the_ magnetotail a_nd the magnetoshgath, an unstaiggnetospherecy;) andd is the Alfvén speed in the magnetosphere,{).
mode will have an oscillatory character with a growth or of the solid curvesf is the lower cutoff for stable modes (,=v, cosa
decay envelope. We will then be able to classify modes only-Cs). g is the corresponding upper cutofb (,=v, cosa+cy), the fast
by their dominant spatial behavior in the magnetotail. speed is given by curvg while the curves of the slow speatl,,, and tube

We have assumed the normal plasma displacement e e POCSIEC e srousnch respecel, v a2 i o
antisymmetric about= 0 and the boundary conditions at the takeny,=4.0. - ' o
magnetopause are the total pressure and displacement in the
x direction are continuous. In the magnetosheath we use the
condition that thex component of the group velocity in the .
magnetosheath plasma rest frame must be directed aw n\ze unshaded regions are those where we would expect to

- o : ; d modes that are evanescent in the magnetospgberiace
from the magnetopaugé must be posit hich gives the
condition the?t pausd mus positivewhich gives modes if the modes were stable. The overlap of the shaded

regions indicates the regions of parameter space in which we

Re(w’)Re(My) +Im(w’)Im(m;)>0, (8)  would expect to see stable body modes and the overlap be-
and when the modes are stable, we require the modes RY€en the region where stable modes may exist and the un-
decay into the magnetosheath so that shaded regions show where we would expect to find stable

surface modes. In this figure we have takg@s 0.5, €

Im(my)>0. 9 =p,/p,=0.192 andy,=4.

Although the group velocity of the waves is a well-defined ~ Measurements of magnetopause crossings in the tail
and meaningful quantity for reab’ and m,, when these show that the den5|ty_ ratio between _thg magnetosphere and
quantities are complex it is not so obvious that the abovdnagnetosheath can lie anywhere within the range 001
boundary conditions are appropriate. We can convince ours0-2- We have chosen a value close to the upper end of this
selves of their correctness by other considerations. For eX&nge as this allows us to see unstable modes for lower flow
ample, in the magnetosheath rest frame, we could requir%peeds- Flgur_e 4 shows the dependence of the.characterlstlc
that the time-averaged energy flux of the wave be directed/@ve Speeds in the magnetosphere on the densityatie

away from the magnetopause. Alternatively, we could confan see that, when the density range is lowest, the fast, slow
sider an initial-value problem formulation in terms of a @nd tube speeds become much larger than the sound speed in
Fourier—Laplace integral. If the perturbation is to vanish attheé magnetosheath and since the onset of instability for the
infinity then roots on the “physical” Riemann shefite., ~ fast body modegfor example requires that

with Im(w')>0] must have Imify,)>0. Similarly, roots on

the “unphysical” Riemann sheégt.e., with Im(w’)<0] must
have Im(,)<0. These requirements are equivalent to those
stated above. Such boundary conditions were used by Mann
et al. (1999 and Mills et al. (1999 who also showed that
stable modes may only exist liﬁ§<0 so thatm, is purely
imaginary. From Eq(3) this gives a necessary condition for
the existence of stable or trapped modes, i.e.,

Normalised Speed

U COSa—Csy<Upp<<Uo COSa+Cgp. (10

We may further classify these modes as either fhating 000 005 0.0 015 020

, [K>Cgjon) OF slow (having w, /k<Cgn)-
Figure 3 shows the regions of,,—a space for which  FIG. 4. The variation of the characteristic wave speeds in the magneto-

stable modes may exist as the region with negatively S|0pe§phere as a function of the density ratio,The sound speed in the magne-

. . . tosheathc,, is shown as a solid line, the tube speed in the magnetosphere,
shading, and the regions for which we would expect Stabl%T, is shown as a dotted line, with the slow speeg,,, represented by a

r_nOdeS to be OSCi”atorY_ in the_ magn_efcosph@ve expect t_o dashed line, and the fast speeq, as a dot—dashed line. We have taken
find body modekas regions with positively sloped shading. =0 in this figure.
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Ci+Cs (2) (5)
V> , 11 2.0 /,/" g 1.5
°” cosa 11 15F - 1.0}
2 1.0 === ;;’*"- . /
we can see that we would require very large values of the » gg s 05f o
sonic Mach number, in the magnetosheath in order for the o5l ] 0.0f—————- -t
modes to become unstable. Indeed, for the trapping of fast —1.0k= -03
H 0.00.51.01.52025 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
body modes we require v, v,
Ci—Csp (c) ' (d)
2.0 - 2.0
Vo~ Cosa (12 158 1.5k ]
- : : S 10 . 10 ]
which would still be very high. 3 g‘g 3 st ) ]
Y 0.0F-==mmmm—- -
—1.0bke” -0.5
0.00.51.015202530 0.0051.0 15202530
Ill. SLOW MODES Yo Yo

The slow modes are unlikely to be important in the mag-F'C: 5 The phase speeds) and (c) and growth rateb) and (d) of the

totail si th | beta in the tail lobes tends t bfundamental slow surface modes as functionsvgfwhen k=3 and «
netota smcg € plasma beta In 4e all lobes ten ls 0 g77/6 (a) and(b) anda= 7/4 (c) and(d). In each case we have shown both
very low [typically of the order of 10%, Saunderg1991) 8] the modes with positive and negative phase speed wherD. We have
and so these modes will have very low growth rates. How-also shown the fast surface mode which is leaky whgr 0 in the case
ever, we have taken the plasma beta to be of the order of @ 7/6 (this occurs whem ,,>v, cosa+cg, and occurs only very close to

; : o= 0, with very small growth rates which cannot be seen on thig.pltte
half thrO.UQhOUt this paper_ln order to prqperly understand th%iamonds mark the points where modes coalesce predicted by the method
modes in the magnetOta”_- The be_hf_iwor of bOFh the sloWgescribed in Millset al. (1999 (Ref. 15 and outlined in Sec. IV. The
body and surface modes is very similar to that in the flankdiagonal dot-dashed lines show the upper and lower cut-off speggls,
case[Mills et al. (199915] and so we merely summarize the =v,cosa*cy and the lower and upper dashed lines show the characteristic
main properties here. phase speeds; andcg,, respectively.

The slow body modes have phase speeds in the range

Cr<0 ph<Cslow (13) The growth rate of the unstable slow surface mode is

unbounded irk, however, wherg is small, this mode will be
whether they are stable, leaky, or unstable. These modes bgnsiaple only for a very small range of very law (it is

come unstable when the phase speed crosses the lower cutgffsiaple fOrCT+ Coy=0o=Cqout Csp) and is unlikely to be

[vph=vo COS@)—Ce] and the growth rates are small and (gjevant to the magnetotail.
bounded for all values of andv,,.

The slow surfgce modes are stable when _therg is no flow, FasT MODES
speed and there is a stable mode propagating in the same
direction as the flow and one propagating in the oppositeA‘- a#0

direction. As the flow speed the flow speed increases, the First we investigate the properties of the fast surface and
phase speed of the modes increases, and these modes cggdy modes whem# 0. Figure 6 shows the dependence of
lesce to form one unstable slow surface mdithere is only  the phase speed and growth rate of the fast surface mode on
one since the outgoing boundary condition precludes th@ whena = /6 for various values of,. Whenv,=0 (solid
other Complex solution to the dispersion relajichhe phase line) the mode is leaky with a small bounded negative
speed of this unstable mode increases through the ranggowth rate. The mode is stable in the case whga 2 and

where slow body modes exi$Eq. (13)]. When the phase the phase speed is almost constant fokals v, continues
speed is above the fast speed, the mode restabilizes and splits

into two stable fast surface modes. Using the definition of the

wave energy that , 5(.7)\ 1.5 [P
D N St ErS Y
Eocw,—, (14) 2.0f 1.0 /
Jdw, < R
. . . . : , N 1S 3
whereD is the dispersion relation and is defined such that 3 o osl /
is positive for any mode when there is no flow in the mag- ’ T/
netosheatsee Cairng1979;° Mills et al. (1999%°], we 0.5 fomrmm ]
find that one of these fast surface modes has negative energy 0.0 0.0
and one has positive energy. The positive energy mode has a 012 3k4 567 012 3k4 567

lower phase speed, and as the flow speed continues to in-

crease, the phase speed tends to the slow sp@g\g” and FIG. 6. The dependence of the phase sp@ednd growth rateb) of the

the mode becomes unstable having a small bounded grow{fst surface mode okwhena= /6 andv,=0 (solid line), v, =2 (lower

rate. The upper, negative energy mode, goes on to coalesgaSth lings vo=3.25 (dot—dashed ling v, =6 (triple dot-dashed line
e o ’ ﬁdv(): 10 (long dashed line The dotted line indicates the value of the fast

with the positive energy fast surface mode and becomes URpeed,c, , in the magnetosphere. The upper dashed lin@jrshows the

stable. This behavior is shown in Fig. 5. phase speed of the stable fundamental fast body mode wjveg.
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FIG. 9. The dependence of the phase sgagdndx component of the wave
FIG. 7. The dependence of the phase sp@génd growth rateb) of the number in the magnetosphe(t® of the stable fast body modes &rwhen

fast surface mode on, when a= 7/6 andk=3 (dot—dashed ling k=5 a=m/6 andv,=3. The dashed line ifa) indicates the value of the fast

(dashed ling andk=7 (triple dot—dashed line The dotted line indicates  speedgs, in the magnetosphere, while the dot—dashed line shows the upper

the position of the fast speed; in the magnetosphere. limit for the existence of stable modas,,=v, cosa+cy,. The dotted line
showsv p,=v, cosa. The dashed lines ifb) indicate integer multiples of
7l2.

to increase, having first an unbounded growth réaig

=3.25—dot—dashed lineand then a bounded ore,=6,

10, triple dot—dashed line and long dashed line, respegendicular to the direction of the magnetic field—therefore,

tively). When the growth rate becomes bounded, we find thaiinimizing the stabilizing effect of magnetic tension. Here,

the phase speed tendsdpask—c. We have also shown there is no component of the flow perpendicular to the mag-

the curve for the stable fundamental fast body mode whemetic field and the modes are stable there. Thus the maximum

v,=2. Note that this mode and the stable fast surface modg the growth rate here will occur at an intermediate angle at

may coexist for the same phase speed. which the destabilizing effect of the flow dominates over the
stabilizing effects of magnetic tension.

1. Fast surface modes

Figure 7 shows the evolution of the fast surface modes
with v, for various values of the tangential wave numker 2. Fast body modes
The phase speed is almost independerk fofr all values of In Fig. 9 we show the dispersion diagrams of the fast
v,o, however, when the mode is first unstable, the growth raté&ody modes when they are stable. We have takens/6
scales linearly wittk (so that the growth rate is unbounded andv,=3 so that
and is then discontinuous at the point at which it becomes
bounded ink in Fig. 6, i.e., wher ,~3.75.

Now we investigate the onset of instability of these COSa
modes for different values af. Figure 8 is a contour plot of s satisfied. In Fig. @) we can see that the phase speed of
the growth rate of the fast surface mode againsanda for  each mode decreases and tends toweydsk— . In Fig.
k=10. We can see that, unlike the flank case, the flow speed(p) we have plotted th& component of the magnetospheric
at the onset of instability varies very little with angle. IQ fact, wave numbersn, , for each mode. When the phase speed of
the onset of instability occurs when, is close to the Alfve 3 mode isv,cosa+cy the real part ofm; is an integer
speed, a result which is in good agreement with @64°°  multiple of . This can be seen from the governing equation
and Ruderman and Wrigh{t998.%* The contour plot also  for stable body modeEEq. (7)]. At this value of the phase

shows that the maximum in growth rate for any flow speedspeed, the right hand side of E@) disappears, so that
occurs whenv~ /4. Walker(1981)?2 showed that the maxi-

mum growth rate of modes propagating in a system where
the field and flow are at an arbitrary angle to one anothethus,m; must be a whole multiple ofr. As k increases the
occurs when the propagation of the modes is close to pephase speed decreases amdincreases reachinm; = (2n
+1)7/2 whenv ,p=v, cosa [shown by a dotted line in Fig.
9(a)], at which pointm; has a maximum and then decreases

Ci—Cqe Cf+C2
<y < ——, (15
cosa

0.50 ) ) . .
slightly before increasing and tending back towanus
0.40F =(2n+1)m/2 asvpp—cs andk—co. This maximum may
. be explained by noting that, in the dispersion relation for
3 0-30F stable body modefEq. (7)],
0.20F
tanm,)x ———, (17
Uph— Uy COSa
0.10 ) ( ph o] )
0 1 2 so that tanfy)—« as the phase speed approachgsosa
e from both above and below. Therefore, the value of the tan
FIG. 8. A contour plot of the growth ratey;, of the fast surface mode €M increases to infinity as the phase speed decreases to-
againstv, and . The dot—dashed line shows the onset of instability. wards v, cosa, and then decreases agdmremaining posi-
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FIG. 11. The dependence of the phase sgegdnd growth rateb) of the
FIG. 10. The dependence of the phase sdegdnd growth rateb) of the fast body mode harmonics and the fast surface modk whena=0 and
fast body mode harmonics dwhena = 7/6 andv,=5. The dashed line in  v,=2.5. The dashed lines (@) indicate the values of the fast speegd, the
(@) indicates the position of the fast speeg,in the magnetosphere, while slow speedgg,,, and the tube speedy, in the magnetosphere, while the
the dot—dashed lines shows the upper and lower limits for the existence afot—dashed lines show the upper and lower limits for the existence of stable
stable modesy ph=v, COS@*Cy. modes,v,n=v, COSa*Cgy. The lower mode for smak in (a) is the nega-

tive energy fast surface wave.

tive) as the phase speed continues to decrease. mhus-
creases ton,; = (2n+ 1)#/2 and then decreases as the phas¢he growth rate is unbounded &sncreases, but the phase
speed continues to decrease. speed remains constant below the fast speed. The point

Figure 10 shows the phase speed and growth rate of thehere the two modes coalesce may be predicted using the
first two harmonics whemw,=5 and a==/6 (so that same method as that for the case whehO.
v, COSa>C+Cy) in Which case the modes are unstable. As  Figure 12 shows the redkolid line9 and imaginary
for the flank case studied by Milkst al. (1999 we find that  (dot—dashed lingsparts of thex component of the wave
there are two stable fast body modes for each harmonic, aumber in the magnetosphere for the modes shown in Fig.
positive and a negative energy wave and that the onset of tHeL. The dashed lines indicate integer multiplesmd2. For
instability occurs when these two modes coalesce. The diahe higher harmonics, the wave numberns when the
monds in Fig. 108 shows the point where the coalescencephase speed is,+ C,. As k increases, the phase speed de-
of the modes is predicted to occur by the method detailed itreases andn, increases reaching a maximum whep,
Mills et al. (1999.% This is done by finding double roots of =v,. At this point, the right-hand side of E¢7) becomes
the dispersion relatiofroots such that the dispersion relation infinitely large so that;=(2n—1)x/2. Then, increasing
is satisfied and the derivative of the dispersion relation withfurther, the phase speed continues to decrease approaching
respect to the phase speeq,, is also zerp The growth  ¢;. Now the wave numbers tend back towantg=n.
rates of these modes once they are unstable are boundedAgain, this is different to thex#0 case wheran;—(2n
this case. However, as with the flanks case there will always-1)#/2 for largek. The reasons for these discrepancies in
be one fast mode which has unbounded growth rate and hdehavior will be explained in Sec. IV C. The following prop-
a dominantly surface mode character. erties ofm; can be seen from E@7): The wave number of

the fundamental mode is zero whier 0 andw, /K is finite.

B. =0

We now consider the dispersion of the fast surface and 12 r . . .
body modes when the propagation of the modes is parallel to
both the magnetospheric magnetic field and the flow in the
magnetosheath.

Figure 11 shows the dispersion of the fast modes when
v,=2.5 anda=0, i.e.,

7n/2

—
o

U COSa—Cep<C;<v,COSa+Cgy, (18

Re(m,), Im(m,)

ras -
and we would expect the fast body modes to be stable for all :"":}7/ __________________ 1 "

k. The second, third, and fourth body mode harmonics are 2 [y e T /2
indeed stable for ak and havev ,,— ¢ ask— . However, 1] 4 L - . .

the phase speed of the fundamental body mode decreases 0 10 20k 30 40

throughc; (the mode remains stable through this transjtion
and coalesces with the fast surface mode, becoming unstablac. 12. The dependence of tiecomponent of the wave number in the
This fast surface mode is the one with negative energynagnetospheren,, onk whenv,=2.5 anda=0. The solid lines show the
formed when the slow surface mode restabilizes. This beha\/[?al parts of the wave number 'and the dot'—dashed lines show the imaginary
L . parts. The dashed lines show integer multiplesr(#. The dot—dashed line
ior is totally different to that found for these modes whento, jow K corresponds to the negative energy fast surface wave shown in

a# 0 (shown in Fig. 9. Once the two modes have coalesced,Fig. 11.
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FIG. 14. The phase spe¢sblid lineg and growth ratédot—dashed lingof

magnetosphere, while the diagonal dot—dashed lines shows the upper aggk fundamental fast mode and the negative energy \alere applicable

lower limits for the existence of stable modeg,=v, Cosa=*cCy.

It then increases als increases reaching a maximum when
vph=0, andm; = /2. As the phase speed of the mode de-
creases through;, the numerator of Eq(3) vanishes and

the real part of the wave number decreases to zero. Th

imaginary part of the wave number becomes nonzero whe
vph<Cs, i.€., the mode becomes a fast surface modek As
increases further the positive and negative energy fast su
face modes coalesce and become unstable, and at this po
the wave number becomes complex.

In Fig. 13 we see the variation of the behavior of this
fast mode withv , for various values ok. For all values ok
the mode is a leaky fast surface mode for loy, and be-
comes a stable fast surface mode whegp=Cgon—Cso
(which is the first speed at whiaim, may be purely imagi-

nary for phase speeds for which the mode is a fast surface

mode. The phase speed of the mode then increasas,as
increases and crosses the ling,=cs. At this point the
mode becomes a stable fundamental body njedéch has

m, purely real, see Eq3)]. The phase speed increases to a

maximum, with the maxima occurring at larger values pf

for smaller values ok (since the phase speed of a fast body
mode decreases a&sincreasep and then decreases to the
point at which the instability begins. Fér=10 (solid line)
andk= 7.5 (dashed lingthe onset of instability occurs when

the phase speed is below the fast speed. Therefore, for the

values ofk, the mode becomes a stable fast surface mod

again just before the onset of the instability. For lower values

of k, the onset of instability occurs for phase speeds abov
the fast speed, so that the mode remains a stable fast bo
mode up to the point at which the instability begins. This
mode is the uppefcoalescing mode shown in Fig. 1&) the

lower mode comes from the restabilization of the unstabl
slow surface mode into a fast surface mode as discussed

Sec. lll and is a negative energy wave. The transition of thga
fast surface mode into a fast body mode occurs for Iowe[)

flow speeds ak decreases, and &s- 0, the point of transi-
tion occurs when

UVo=Ct—Cs2. (19

e

as functions ok whena=0 and(a) v,=2, (b) v,=2.5,(c) v,=3, and(d)
v,=4. The dashed lines show the value of the fast speged,

It is interesting to note that in this case, the positive energy
fast surface mode and the fundamental fast body mode can-
not coexist. Indeed, for any flow speed and gikeonly one
Sf these modes may exist and in analysing the change in
these modes with a change in flow speed, we find that the
P_hase speed of the mode may cross thedigg= c; continu-
Oysly asm, vanishes. Roberig 98123 studied the dispersion
8 field aligned modes in a slab model without flow and
found only either fast body modes or fast surface modes for
any set of parametersee Fig. 1 of that paperWhen «
# 0 the stable fast surface mode and fundamental body mode
may both exist for some values of,. The reasons for this
discrepancy are explained in Sec. IV C.
Figure 14 shows the phase speésblid lines and
growth rate(dot—dashed lingof this mode as functions &
for various values ob,. In Fig. 14a) we have takerv,
=2 and here the mode is a stable fast body mode fok,all
with v,—c{ as k—o. The slow surface mode has not
restabilized to become a fast surface mode yet for this flow
speed and so this mode is not plotted here. In Figb)lwe
have increased the flow speedutg= 2.5 (which is the case
shown in Fig. 11 we see that the upper mode is a fast body
mode for smallk, becoming a fast surface mode just before
becoming unstable als increases. The lower mode in this
e . .
e|gure_ is t'he negative energy.fast surface mode. Whgn
=3 [in Fig. 14c)], the negative energy mode has phase
peed just below the fast speed wiker 0 so that it is a fast
urface mode here. Asincreases, the mode becomes a fast
dy mode, coalescing with the upper mode to become un-
stable. Whenv,=2.5, the mode is dominantly a surface
mode ask—, however, wherv,=3, the real part oim;
rows faster than the imaginary part. Finally, in Fig(d4
e flow speed is increased #g= 4, and the modes are both
st body modes for smak. For largek, the growth rate is
ounded.
Finally, we look at the behavior of a fast body mode
with negative phase speédorresponding to a mode propa-
gating earthwards in the magnetotaiFigure 15 shows the

S
e
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sheath. Modes with negative phase speed are stable when the
phase speed satisfies the same inequalities as for positive
phase spee@Eq. (10)]. In this case we find the mode is
unstable for large negative flow speeds, becomes stable
while the flow speed is still negative, and as the flow speed
increases, the mode becomes leaky. This is different to the
modes with positive phase speed which are leaky for (low
negative flow speedisand unstable for high flow speeds.
Thus we would expect modes propagating towards the earth
in the magnetotail to be leaky. However, we find that the
decay ratew;, approaches zero as the flow speed increases,
so that the modes will not loose energy very quickly as they

dot—dashed lines shows the upper and lower limits for the existence Oi)ropagate towards the earthuif is sufficiently large.

stable modesy ,p=v, COS@=*Cg.

phase speed and growth rate of the second harmonic fagt'
body mode as functions of the flow speed in the magneto-

Explaining the difference between a#0 and a=0

The dispersion relation for stable fast body modes is

€ (vph v cog a)

2 2 2 2 2 2
(Coo— (Uph_Uo cosa))(ci+ Cslow)(vph_ cr)

tan(my) = , 20
r(m,)= Csr (Vpn—UoCOSQ)? (Vo= CH (U 5h— Cliow) (

while that for stable fast surface modes is

ant(npy = < € (vpn—va cosa) \/(csz (Vph— vocosa)2)<c?+ci.ovv)(v,%h—c%) o1

! Cs2 (Uph Uo COSa f ph)(vph slow) ,
|
wherem, is the wave number in thedirection in the mag- \/(vgl—vgh)(ng—(vph—voCOSa)z)
netosphere and,=im;. Examining this equation we find tanh(ny) =€ C o0 0 C0Sa)?
different behaviors in the two cas€é$ a#0, and(ii) a=0. s2{Uph™ Vo LUS
Taking the first case and letting,,—c; on the right-hand (Cf+Cs|ow)(Uph CT)
side of Eqs(20) and(21) we find that ) . (25
slow
tan(my)|—o and |tank(ny)|—, (220  Thus wherw,p—c{ tan(rn1)—>0 so that
m;— nr, (26)
; +

respectively. Therefore, whar,,—c; (body modep and wherw ,,—c; , tanhfi,)—0 and, therefore,

my— 2 ' (23 In other words, both stable body and surface modes may

However, wherv,,—c; (surface modgsthere are no real

values ofn; which satisfy the equation, and thus there may

be no stable surface modes with phase speeds clase to
Conversely, wher=0, c;=v,; and the dispersion re-
lation for stable body modes reduces to

2 2 2 >
\/(vph_val)(csz_(vph_vo cosa)”)
Csz(vph_ v, COSa)?

\/(Cf slow)
(v

ph™ sIow)

tanm;)=¢e€

2
—c7)

: (29)

and the equation for fast surface modes reduces to

have phase speeds close to the fast speed in this case. This
explains how, in this case, the character of the fast modes
may change smoothly between having an oscillatory and an
evanescent character in the magnetosphere. We can see this
transition in Fig. 11a) when the phase speed of the funda-
mental fast cavity mode decreases to belowwhile the
mode is still stabletherefore, changing from a body to a
surface modg In Fig. 14c) we see the phase speed of the
fast surface mode increasing through so in this case the
mode changes from a fast surface mode to a fast body mode.

V. DISCUSSIONS AND CONCLUSIONS

We have investigated the trapping and excitation of fast
modes in the magnetotail. We have found that the speed at
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which fast surface modes first become unstable varies littlenodes which propagate in a positive direction in the rest
with the direction in which the modes are propagating. Thisframe of the magnetosheath, but in a negative direction in the
is in agreement with the results found by Pu and Kivelsormagnetospheric rest frame. The onset of instability occurs at
(1983.1* However, we did not find the upper cutoff speed the coalescence of positive and negative energy waves.
reported by Pu and Kivelsor.This is because the bounded Observations of oscillations in the magnetotail show that
magnetotail does not allow the energy released by the instdast modes may be excited down tail and propagate earth-
bility to be carried away from the boundary to infinity. For ward [Elphinstone et al. (1995%?]. Models of this have

our equilibrium the maximum growth rate of these modes igdended to treat the magnetopause as a perfectly reflecting
found to occur at an angle of about4. This is due to the boundary trapping these modes within the magnetpead.,
stabilizing force of the magnetic tension and the destabilizAllan and Wright(1998;" Wright (1994%4]. An important

ing effect of the flow varying with angle. Walkdi981)?>  consequence of our model is that we may better understand
found that the most unstable modes propagate at angles clo# nature of the interaction of these modes with the magne-
to perpendicular to the magnetic field. In our model, the flowtopause. We have shown that modes propagating towards the
has no component perpendicular to the magnetic field, so thgarth in the magnetotafl.e., those modes which have nega-
maximum growth rate will occur at some intermediate posi-tive phase speeylare leaky for positive flow speeds. In fact,
tion. the modes are leaky for any flow speed that satisfigs

Fast body modes may first become unstable wherCgs—Cs, Or in dimensional unite ,> —600 km/s, so they
v, COSa=C;+Cy, SO that modes propagating parallel to thewill certainly be leaky for any realistic flow speed. However,
flow and magnetic field will become unstable first. We foundthe growth rateor in this case, the decay raief each mode
that the behavior of both the fast surface mode and the fagtecomes very small as the flow speed increases. Therefore,
body mode is different for modes propagating parallel to theve expect the modes to be essentially stable and for the
magnetic field than for those propagating perpendicular to itmajority of the wave energy to be reflected from the magne-
Only one of the stable fundamental fast body mode and thtopause. We conclude, therefore, that the assumption of a
stable fast surface modeaving positive energymay exist  reflecting magnetopause in the wave guide models is a rea-
for any given flow speed whem=0, and the phase speeds of sonable approximation.
these modes may change continuously acrogg=cs. The dimensional frequency of the fast wave guide modes
Whena# 0, these modes are separate and the phase speediofour model is about 4 mHz which is of the same order of
the fast surface mode may not approach the fast speed. magnitude as those observieslg., by Herron1967%].

We take the width of the magnetotail to be R and the Overall we have found that the magnetotail will be
sound speed in the magnetosheath as 100 km/s. Although vggable to the Kelvin—Helmholtz instability for most values of
have used a density ratio of 0.192 in our calculations, thighe flow speed in the magnetosheath. However, both earth-
was merely for convenience so we could calculate the qualiward and tailward propagating fast body modes will be leaky
tative behavior of the modes without needing to have overlywith small decay rates, and will lose only a small amount of
high flow speeds. A more realistic value of the density ratioenergy as they reflect from the magnetopause, so that treat-
would be 0.02, corresponding to an Alfvespeed of about ing the magnetosphere in this region as a perfect reflector is
700 km/s. With typical magnetosheath flow speeds of 50 reasonable approximation and waveguide models should be
km/s, and the onset of instability for the fast surface modesuccessful in predicting the behavior of these modes.
being close to the Alfve speed, we can see that the fast If surface or waveguide modes are observed to be un-
magnetopause surface mode is unlikely to be KH unstable istable in the magnetotail, this could point to the occurance of
this region. Ruderman and Wriglit998?! discussed this a resonant instabilityRuderman and Wright1998] operat-
behavior and showed that below the critical speed for the KHng, and is an important calculation for future research.
instability (KHI), negative energy surface waves may propa-
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