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ABSTRACT

Spectral analyses of the hign resolution magnetic
field data are ewployed to determine if there ls
avidence of cometary heavy lop pickup whan ICE was
closest to Halley, ~ 28 x 10° km. No evidence ls
found for the presencm of heavy lon cyclotron vaves.
However, fram this search. two new wave modes are
discovered in the solar wind: slestromagnetic ion
cyclotron waves and drift mirror mode waves. Both
modes have scales of 10 - 60 s (1 - 6 Tp) in the
sproecraft frame.  The possibility of wave genera—
tion by caometary hydrogen plciup is explored. The-
oretical argumants and further experimental evi-
dence indicates that ~cmetary origin i{s improbable.
The most  likely source is plasma instadllitles
associsted with solar wind streav-stream interac-
tions. VLF electrostatic emissions are found to
occur in field minima or at gradients of the drifc
mloror structures. Possible generation mechanisms
of dr.ft mirror mode waves, cyclotron waves and
electrostat.c wvavas are discussed.

Keywords: MHD waves, HKalley, ICE, electrostatic
eniseions, ganeration mechaniems

1.  INTRODUCTION

[t ras recently been supgested by ICE {nvestigators
that oomcory plcuup lon effects may have been de-
tected at distances beyond 28 x 10° m fran comet
Halley., wWenzel e. al. (ref. 1) have peported en
hanced _fluxes of energetic ions and MHD wave power
at 1074 Hz (the Hy0 group ion cylootron frequency)
colncident with enhanced CLF/VLF plasma wave turb~
lence vhat have many characteristics simllar to
Clacobini~2Z1nner comtacy waves (refe. 2, J).

The above articles state that for oametary ne.trals
to reach such lacge distances, they would have to
have vulocities of 2 = 1 m g~! or lonization time
scales of ~ % x 10° 8, or both, givi slfactive
lonlzation scale lengths of JO - 20 x 10°% wm. Poch
sets of authors cavtiously note that their obsarva-
tlons occuiTed during high-speed solar wind strwame
and et the observa.ions could instead, simply De
Jue to physical processes asscclated with stream~
stream interactions. Because of these difficulties
in the interp.wtarion of the ICE results, the atove
suthors have encouraged further analyses to deter-
mine the source of the plasma and MHD wmves and
entgetic particles.

USA, 4los Alanos National laboratory, los Alamos, Mew
Department of Physics, University of Maryland, (bllege Fark,

[n an attempt to resol.e this issue, ww undertaxe
a carefyl examination of the ICE magnetic fleld
data to determine If the-e are any distinguishing
MAD wave features that could bm of camstary origin.
The purpose s to heln resolve part of the question
of the source of the enhanced MHD turbulencs,
energetic particles, and ELFALF plasma waves.

2. OBSERVATIONS

Figure 1 ls taken fram wWenzel et al., (ref. 1)
and is repeated here to illustrate the relationship
bet-wen energetic ion fluxes, solar wind valocu¥
and density and transverse w-ave peak po-wr at 10~
Hz. Bnnanced transverse =ave power alove “incerme—
diate” solar wind conditions (ref. 4) and erhanced
enerygetic {on fluxes are detected on days 82-8] and
86-87, 1986. These are illustrated in the boctam
and top parels, respec-isely. However, tnese {r—
tervils occur during high-speed solar vwind streans,
shown {n the second panel. It (s thus uncertain
whether the enhanced wave Dower (s sLTply a result
of the stresamatrean interaction or of cometary ion
plcuup.

Cally averaqed powwr spectra of the transverse fluc-
tuations for the Iinterval of Interest are plotted
In Figure 2. The number of degrees of freedan are
indicated in each panel. Because these latter
values are large, the uncnruway is quite =small,
The spectra have genersl ~ f~ dependences conr~
sistrnt with Xolmogorov turbulence. The powar le-
vel increases and decrsases with solar wind velocity
(ses Figure 1), but there 18 little or no indication
ol any pronounced wave power spectral peaks. There
are no particularly remarkable features st frequen
cles_corresponding to the sater lon gyrof eancy
(1072 H2) or the protan gyrofrequency (- 10=1 Ha2),
The powar speccra of the fileld magnitude was also
coputed lor the same days, with simi)ar cesults,
ND oDvious peaks ware detected.

A careful scan of the high resclution daca (1-1/2
vectors s~l) g e to determine if thnere ls 1
possibllity that H,0" group (or anv other lon group)
waves occurred vl:?\ low aplitules or on & sporadic
pasis (+hich would not show up ln & powwr spectral
andlyelis), Wwithin the limit of the natural nolse
present {n tne data, m evidence was found for such
waves,



However, from tre scan of the hign resclutlon data,
t-D other distlinct modes were giscovered. They
are idencified as nponoscillatory drift mirror mode
“waves” and electromagnetic cyclotron waves. The
wave amplitudes for boch modes are relarively small,
and the occurrence sporadic. The drifrc mirror
waves Ar@ most apparent in the daca set, «hlle only
a {aw definite cases cf the cyclotrcn waves are
detected.

Figure 3 glves an example of wrat w-e Delieve ts De
drift mirror mode structures. They are chnaracter-
ized by pronounced changes in field magnitude with
litcle cr no changes 1in field directior. This
1dencification 1s based on cotservatiorns Gf trese
-aves 1n the earth’s magnetosheatr (refs., S5, 61.
unfortunataly, because of tne low data rate mode.
tre plasma and energetic ion data had insuffilcient
time resclut1on to provide adaivisnal suppore foc
tnis 1dentification.

Tre second parel of tre figure illustratas tha sire
of the angle between tre lnterplaretary magretic
f1eld and solar wind velocity, a. For the event
at 16)7-1658 UT, sina is ~ 0.7. m=e.er, for the
previous event occurring at 1€15-1625 UT, sin a was
consideranly smalier (-v.5:.
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Figure 1. Fran wWenzel et al. (19851, ° trergetic
lons, plasma veloclities ang o-mmrnné
and peaxk magretic field powmr at

Hz during the ICE
Hilley.

encnutter with ocowt

Trhe ICE plamna wave Jatl wure exynine] Lo detarming
1t (FLF) elsctromagnetic l1on rarf wire ermrated
\r the low flald (hign Sireglons as flscussed in
refs. 5., 7-10, and 1t (VLF) electrostatic lon acoun-
tiC wevas are Nresent in the nhigh (lald (‘ow B)
rejlons (ref. 11). Neitner wAve moles =nre founn
with the fame corrwlation with drift mirror rexie
wavas 23 In the Earth's magnatosnsacth.  Howwver,
broad-bend electrastatic emnisnions wwre detected
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Figura 2. Powmr wmctral densitien of the magretic
fiell frw uys B8) to 88, 1986, Te
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dicate) uy tre large nmoer of degrees
of fraglar,

durim) the syw tum Lintarval.
el in Figure i. Only the .78 ¥z channel 1s tllus-
Lrated. €or bravity.  tertlical snading has peen
applied to ma-n of the sloci catatic tarsta. .t
Can Do Rean frun the fi{gur® that each of the Dursty
Is amauciared with elithar dips 1n the magneti::
fiel thignh 8 rm~yions) nr magnet'c fleld gradients.
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Figure 3. Examplas of eventa of magretic field de
Creases witn little changes in Jdirection
norizontal lbars). Thesa are pPrasdmeJ
to be drift mirror mode waves. Trhe sire
cf tre amyle Letwwun the solar wing
velocity vector ang field directizn 1s
Jiven (n tre second panel. Tre magratic
field GSE & and ¢ components are 7Jiven
{n the DottAr rwn rAnels,
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Figqure 4. The rolaticnanip net-wen v.F electrusta-
tic wavaw and drift mirror morle waves.

Two @anlly ldentifianle case. of electramagraetic

Cyclotron waves occurred on March 25 (Day Bd) ang
March 28 (Day 87). Figure 5 1llustraten the exanple
or fay 84, The waves are almast purely trangveran
{litele field magnitude variation). The wave pnr-
iol 1s -~ 8 seconds., The amplitude I8 Quite mnall,
~1 nT peax-t-peak with & ¢0.2 nT caprossicnal
canponent. The magnetic field 18 illustrated in tre
principal axis System wheres tno ¢ variations crre-
apd to tha flell rotation fram By to By (starmdany
notation, an in ref. 12). The directions of tra
principal asts am) the maanetlc fleid are glvan in

the figure. The waves have a lefrt-nand sense of
rotatisn abcut the amblent magnetic field (in tne
spacecrafr frama) and are propajaring rearly along
tra filela w=.tn an a.eraje angle of 4°. The waves
are eliieoci~all; polarized, with ij.io = 4.4,
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An example of an electromagnetic cyclo-

tron wave 1n the solar wind.

Figqure 5.

Tre cyclorron waves at 1408-1409 UT, Dy 87 (rot
stowm' have periods of ~ 16 8. The wave arpllitwies
are lamme. ~ 6.0 nT peak-to-pea<. The magretic
fielad magnitude vartation 13 ~ 1.5 nT peaw-to-pear.
The waves are ell’'ptically polarized '3y = 2.7
and are propagating at relatively la.-1z2 angles to
the anplent magnetic fileld ~ 40°. 1-e wva-ses are
lefr-hand polarized in the spacecraft fram.

During both of tre above cyclotrosn wave events, tre
direction of the (nterplanetary magracic fleld 1s
more Or less aiong tne spacecraft-sun llnme. c©o08~
g - ) = 28° for the event on Day 84 ad cos”
(8 + 837) = 27° for tne Day 87 svent.

The Jetection of twd new modes of waves in the
solar wind, possibly assoclated with the pickup of
cometary protons, 18 Quite exclting. Because of
the high neutral nyd-ogen velocities of 8 xm/s and
20 wn/s relative to the nucleus (for wia dissocla-
tion of OH and Hy0, respectively), and H Lcnizacion
time ncal“ of - 106 &, {onization acale lengths of
8 ~ 20 x 10% im are ootatned. in agreemrt w(tn the
values aux)gusted as being necessary by Scarf et al.
tref. 1) and wanzel et al. t(ref. 1)

To determine if trese t-n -ava males frv indec)
Ciysed Dy HMMD instabilitlos ansociated wich the
{"izxup of comet Halley lons, wy discuss Delow G
orarical yrowrh rates for both maieg, Wy will aleo
exxning & pricr passage of cre of tre corstacinyg
EOlar wind streams, to detarmine (f similar -a.um
arg datyttad. During tnle prisc high-spew) sBtreanm
P 8Aga, the ICE mpacecraft waa cuorglideratly .ar—
rrer fraan coret halley, ~ 0,75 AU vergsas ~ 0.2 A
tFarunatr. private ognmunicationd

T :



1. GENERATION MECHANISMS

3.1 Drift Mirror Waves

Mirror-mode instability requires an anisotropic
pressure distribution with 8,/8; > 1 + 1/8, where
8, and 8, are_the perpendicular and parallel plasma
beta (8+NkT/B2) values (refs. 13, 14). The plasma
will be unstable to the drift mirror mode if the
pressure anisotropy, 8;/8) > 1.6 for 8= 0(1l) or for
smaller anisotroples {f 8 >> 1, We will calculate
the effect of the additlon of cametary pickup pro-
tons on the total A, at a distance of ~ 30 x 10° km
to determine {f the pickup ions can be responsible
for instability.

The cometary neutral dens}&y at a d'&stance r fram
the nucleus ls N = Qe F/Vgt/4x Vv r4, where Q is
the molecular pro’éuction rate, V, e hydrogen atam
velocity relative to the nucleus, and t the loniza-
tion time. A reasonable value of Q for Halley is 4
x 1029 §-1 (ref. 15, and refere~ces therein). As-
suning 80V of all cometary rrolr.‘wlis are Hy0, and
using the higher valuc V_ = 20 kn s~ !, =& get an up-
per limit of 3 x 107% H and at r = 30 x 106 km.
By assuming all of the ions gain the max poss |-
ble kinetic energy during pickup, 1/2 mV  * (where
Vay = 425 km/s at the time of drift mirror mode de-
tection) and the ion ring formation time is long,
say 104 s, then the heta agsociated with the pickup
lons is 8, = (N; x E)/(B%/Bx) or 8, ~ 107" (with
a measu 5 nT magnetic field). Thus, Lt is clear
that cametary lons make a negliglble contribution
to thu total plasma pressure anisotropy in a the so-
lar wind plasma whare B is typically of order ~ 1.

3.2 Clectraomagnetic Ion Cyclolron Waves

The electramagnetic cyclotron waves were detectnd
when the IMF was nearly parallel to the solar wind
velocity direction. Thus, an {on beam (ref. 16) or
ring distribution (refs, 17, 18) is the most likely
source of instability. By using the previocusly
derived nunber for the hydgcnen atam density of 1 x
10-4 o3 ar ¢ = 30 x 10 , an lonizatlon time
scale of 10% g, and a bean formatlon time of 1C4 s,
the fon beam densit; can be culculated Enam Ny .=
N, /7. Substituting, we get N, = 107 an 3.
For a solar wind density of = 5 cm”3, the nlatlyo
fon buam density would be Ny/N,, = 2 x 1077,

Assuming wave gereration by streaming cametary pro~
tor, beans, the maximum linear growth rate determined
fram rrho kinetic dispersion relation 18 vpayx ® 7.2
x 10~ N, This low value excludes the possibility
that the cyclotron waves are generated by beama of
camstary protons.

1.3 Previous Passage of the Corotating Event

A careful scan of days 56 - 64, 19086 was made for
the previous appearance of the corotating stream,
Similar diifr mirror waves were decected. An ex-
aple is shown {n Figure 6. The temporal scale of
the structures (s ~ 60 s. This value {s scmevhat
laryer than (n the previous example, but (s still
carparable. Maximun amplitudes of ths field decrea-
sus are ~ )} nT, cumparcable in scale to the former
event. The anvlent magnetic fivld lies at an angle

of ~ 40° relative to tho solar wind velocity.
As stated previocusly, the distance of ICE fran
Halley at this time was ~ 0.75 AU, 3.7 times

fucther away. Halley ptotons will thus be ~ 6 x
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Figure 6. Nonoscillatory drift mirror mode waves

on Day 61, at a distance of 110 x 106 km
from Ha)lley.

103 less dense. It s even more unlikely that
these waves have any association with Halley plck-
up ions.

4. DISCUSSION

A search for waves near the cyciotron frequencles
of heavy cametary lons was conducted during the
{ncerval of closest approach to camet Halley by
both power spectral analyses and visual inspection.
MNo obvicus signatires were found.

Two types of nlectramagnetic waves have been detec
ted for the first time in solar wind stream-stream
interaction regions: drift mirror mode nomoscil-
latory, "waves® and elliptically polarized electro-
magnetlc cyclotron waves with pariods of -~ 10 -
60 s in the spacecraft frame. Both waves have
scales near the proton gyroradius, The dotection
of drift mirror mode waves in a more dlstant solar
wind stream i{ndicates a lack of unigueness of the
Halley enoounter {nterval. Theoretical arguments
rule out the posaibility of generation of either
wvave moda by cametary protons.

The amplitude of the waves ire generally small
(although sane large amplitude cases were shown)
and their occurrence infreguent. Thefr contribu-
tion to the powar in solar wiid fluctuations s
negliginle, as was Indicated by the lack of any
significant peaks appraring in power spectral anal-
ysas of an entire days' worih of data.

The formution of mirror mode waves at ICE must
therefore be due to an anisotropic plasma pressure
present in the bulk of the solar wind proton distri-
butlion. It wne speculated by Teurutani et al.
(ref. 5) that such comlitions for lnastablility could
be created by the heating of molar wind plamm as
it passes throujh an interplanetary quasiperpendi-
cular shock. lon and electron heating (rofs. 19-20)
can lead to a downntream 8 of > 3. This plus the
prutecential lon heating in the perpendlcular di-
rection (refs. 19, 21} presumably leads to the



growth of drift mirror waves in the planetary
magnetosheaths of Earth, Jupiter and Saturn (ref.
S).

The VLF electric noise at frequencies well above
the eluwctron cyclotron (170 Hz) but bolow the
electron plasma (27 kHz) frequencies and the lack
of any magnetic signatures, indicate that these
emissions are probably electrostatic waves. The
occurrence of the emissions on the gradients of
the magnetic field also gives an Lmportant clue
to possible generation mechanisms. Ashour-Abdallah
and Okuda (ref. 22) have suggested that cold coun-
ter-streaming ion beams, where T, << Tj ~ Tg and
Vre > Vip > Cgs could lead to growtih of electro-
static waves. Whether such beams exist in sclar
wind streamstream inceraction regions is p.esently
unknown. However, adiabatic decompression of solar
wind protons in the mirror waves will be expected
to lead to the formation of anisotroplc field-
aligned streaming and could possibly support such a
mechanism.

The possibility that the emissions are [Doppler
shifted lo=er hybrid drift waves associated with
the density gradients {n the drift mirror waves (we
assume magnetic plus plasma pressure Js constant,
or pressure lsotropy) is another possible genera
tion mechanism. Using the formulation of Huba et
al. (ref. 23) I(ff the threshold of instability
Loy € (my/my) we estimate "T' by 1/2(8g + 8))

~ Lg where = (1/8, 4B/8s)" %, has a min:
{mm value of 2 x 103 km at a sharp field qradient
at 1658 UT Dy 86. We find that the threshuld for
instability is not met, unless higher magnetic
field and plasma variations are present but escape
moasuremsnt because of the temporal resolution of
the instrumentation.

[t is also possible to understand why lion roars
are not generated in the high 8 regions, {n contrast
to the case of earth's magnetosheath. From refs.
S, 7. it s shown that leon roars are generated
when < E,, ., where E"h; B/8xli and E, ), s the elec-

r'Pane . r the casc ilfustrate? here,
B*7, n~3cn 3 and thus, E =« 6,5 x 1071} erg.
For the electramagnetic cyclotron instability, this
roguires an electron temperature of at least 4.7 x
107 K. The actual measured electron tempera.ure is
only 1.5 x 105 K. Thua, independent of the tamper-
ature anismotropy necessary for instability, the so-
lar wvind electron temperature s ton lov to lead to
the generation of lion roars.

Fran the above, it can be concluded that lion roars
should be only rarely detected in conjunction with
drift mirror wavec In the lnterplanetgry md { um.
Electrons have taemperatures > 3.2 x 107 only 1-2¢
of the timu (ref. 24), thus by is typlcally > Eep,
leaving the 3olar wind electrons stable to the
growth of lion roars.

5. CONCWSION

We have not found any evidence of eavy, fon cyclo-
tron waves at distancea > 28 x 10° ke, We have,
however, detected two naw solar wind electromag-
netic wave mdes due to this search: drift mirror
mode waves anj electromagnetic cyclotron waves with
periods 10 - 60 s In the Lpucecraft frlame. Fyom
theoretical considerst::na, [t is most probable
that these waves are unc 'ated Ly procestes assoc i-
ated with solar wivi .rreamstrean Interactions
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