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ABSTRACT

The cometary bov wave of P/Clacobini-Zinner
has heen analyzed using tha completa set of ICE
field and particle observations to determine Lf
it ts a shock. Changer {n the magnetic fleld
and plasma ([low velocities from upstream to
downstream have been analyzed o determine the
direction of cthe normal and the propagation
veloelty of the bhow wave. Thc velocity has
then been comparad with rhe fast magnetosenic
wave speed upstteam to derive the Mach number
and establish whether It (s “supersonic™, t.v.,
# shock, or “subsonlc,” f.e,, a large amplitude
wave. The varlous measuraments have also baen
compared with valves do-{ued fram a Pankfine-
Mugonlot analysis. The risults Indicate that,
tnbound, the bow wave is a shock with M = 1.5.
Outbound, & subsonic wach number {s obtainad,
hovever, arjuments are presented that the bow
vave L9 alsn likely to b a shock ar this
locatton,

1. [INTRODUCTION

The analynls referred to in the title addresses
tvo basf{c questlonsi (1) {im the bow wvava a
shock? (2) can the observen nroperties up-and
dovnatream of the bov wave be reconciled with
the Rankine-Hugonlot relations?

The basiec approarh
these quentions s

to answering the flrst of
to darive the velocity of

the bov vave (n the upatream soldr wind and
datermine whether the Mach nimhar In > 1 or ¢
1, t.e., suparsonic or subsonie. At this atage
of the analysis, the reconciliation with the
Rankne-Hugoniot relatlionn Ls princlpally re-
ptricted ta comparisons  hetwern ohsarved and
caleulatad jumps tn  the  particle density

and magnet le (leld strength. e yus the mathe-
matical formulattion to b= found [n Tidman and
Krall (Ref. 1, p:. 11) vhich 1n bauically a sin-
gle [luld deseripttion,

as  ANALYSIS PPOCEDURE

The analynis procedure that has gwen followad (n
hassd upon expetinance ohtatond in studylag tn-
cerplanecary shacks and planstaty bow  shocka
(Ret. 2, 3). The flrut step Lu tn determine the
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Figure 1. Shock courdinates. The X anils s
shock normal and the Y axin s In
directtion of tha Jump {n the
magnetic flteld. The other

which lie in the X-Y plane,
fn the tant,

normal to the shock surface. As ls customary,
we make una ol the coplanarity of the veloclty
vectors, Vy, Vy, the magnetic fleld vectors B,
Fj, and the normal, fi. A representation of
these vectars appaars In Fligure 1 tn coordin-
atwd allgned with, and moving vith, the shock.
The principal anes are (1) the normal, ﬁ. vhere
the symhol, a4, indicates a unit vectnr, (2)
tha vactor change tn the field from upatream ty
dovnstraam, 4B = Ky - Ky, and (1) the ortho-
Ronal direction parallsl to the ahock, aino the
dirartion of the electric flold. The analysia
ls baned on threr dimenatonal velocity vectors
nhtatnnd by the Energstic Particle Antsotropy
Spectrometar (EPAS) 7Ref. &), Thier dimanntonal

vector
pATaneters,
are deliped



measurenents of anisoctraplies In the plck ur
tore are used ta find a reference aystem mnvin,
with veloctty, ¥, which rerders the distribu-
tions (sotropic (Ref. 5).

Ve wume tne formulation first tntrcduced by
Abrahan-Schraunar (Ref, A) wnlch invoives the
creas products of AV and & B aw shawn (n the
figure. Qur wazerience with other shorks [n-
dicates thaz this approach Ls genarally relt-
adle even In the case of perpendicul.r shocks,
f{.a., wren the argle, @ 5., betwveen n and the
upstrear magnetic fleld, B), Is " 90°, The
computation of 8 y,. Is the second step in our
analysis.

The speed of tha baw wava {n the selar wind
frame, vg, 18 calculatad using twvo complemen-
tary methods. The mora conventlonal approach
Ls based onr the conservation of mass and can
he expressed as Vg = [Na/(Na - Nj)] a4V «n
wnere K), N- are the fluld dersttles wup-anrd
dounsgtream. The other methnd, which we deve-
lopad as an alternative and which deperds an
the magnetic fleld rather than cthe parcicle
density, {s a condlition natisfled by all kinJs
of electromagnetic waves., Bas'cally, the wvave
veloctity equala the ratio of the wave elactric
fleld, In this Lnstance simply 2V x B3, to the
transverse magnretic fleld change assocliaced
with the wave,| 3 B|. An alternative deriva-
tior of this relation is bdased on recogniring
that, In thke shock frame, the wvave {8 non-pro-
pagating and the alectric fleld is conserved
( 3F = J) across the shack. The shock speed
in inertial space, Vi, 1s also calculated by
finding the component of the upatream snlar
wird velocity along f, t.e., Vy = Vg « T} f.

Before obtalning the Mach number, {t (s naces-
sary to derlse the phase velocity for the fast
mode of propagatlon upstream of the bov wvave.
The conventlonal equations were uted for the

Alfven speed, CA = B/(& wp )l’z. the fon sound
spead, €. = ( vyp/ )l 1 and the fas: mode
spead, C¢, which depends on C,, C;, and cthe

angle of prapagation with respect to the mag-
netic field, 0 p, (Ref. 1, p. 1%). The pres-
sure, p, Is tre sum of the partial pressures
assoclated with the solar wind electrons, the
solar wind protors and the heavy cometary lons,
The electron and heavy flon properties were
wasgsuread or Inferred from the ICE measurerents
(Ref. 7,8). Since no protnn weasuremsnts are
avallable, the vave spreifs depend on reaasanable
assumptions for the proten danrsities and ten-
persture, We have follnusrd the policy of
varying all the dengities and temperatures over
rearonable lirits in order to carry out a
(oreal errar analvale aml ensurs that uncer-
taintlen In theas quantities would nnt change
out conclusiang. The denstty, o , i the sum of
the denaity-rass pindurts fnr the aame three
constityents. In the anpreasinan for €;, v i,
of courss, tre ratlu of aperific heats [or
which we atdume the conventional valus of 5%/71,

Finslly, thr “ych numter {n caleylated from M =

Val/fg. Thils ansntity sanentially pravifes nur
definitirn nf & shav, L,e., 1t 1a a larps
ampjit.de ware propapating at wgnpetann| e
aperis.
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Figure 2. Obsarvations of ths inbounda bYow wava.

Threae of
netlc, solar wind electron and 1wso
wind convective pressures) are

The lLodleortal Dbeis  abuve

the prinzipal pressures (mag-

lar

shoun,
vhe data

shov the asralysts Lnter-a.c cor.avpcnd-

ing ta the results in Tabdie 1.

An sxsmple of the data used {n the analysis f{s
shovn in Figure 2. The quantities plocced are
actually three of the principal pressures: the
majnetic pressure, B2/8 ¥ , the electrnn pres-
sure, ngkT,, and the convective pressure of the
so:ar wvind, n.H V¢, whare M {s the ptoton
mass. Tha :hathn {n these Quantitles across
tha Lnbound bavw wave are shown with che analy-
sis intervals used to obtsin the results pre-
santed belov (ndicsted a- tha top of the (i-
Rure., Overall, the de: case {(n convective
pressura and Cthe accompanying (increases In
magretlc and Internal pressure ar- avident In
spite of the Intense hydromagnetic turbulen.e
(Raf. 9) that is prasent.

The lacge frregularities introduced by the tur-
hulencr pose a sipgniflcant problem by maxing It
Jdifficult "o determine accuratealy cthe para-
metere nesded in the analysis. In fact, wa
have found that a variety of snlutions can »as
grreratsd hy varying tre location and/or dura-
tinn of the analysis intervals. 0fther analysis
praredures can alsn lerd tn alternative anly-
tinng [ar thr gase analysls Lntervals, e.g., wvo
have cnmpared Lthe analysly described sbhove with
the autput af tha pragram terently develnped by
Viran and Seud-der (Pat.10). It s, therefare,
L=portant to aatabllisnh criteris to be met hy an
arreptanls anlatian (v anlutinng), Theas rrl-
terla wil]l be desrrihe] henlov g, ws conglder
the rowylte ohtained sn [ar.



TABLE |.

o h: 0.1210, -0.7085, -0.6948
° 6y 80. 1  PERPENDICULAR

oV - }Avxezmaa

* 189 km/s
A
° VS (NZINZ-NI)AV-n = 189 km/s

® Vi N s-102, V86 kmfs

® C, =68 Cg = 106km/s

C, * 125 kmjs

189
em=2 55,
125 10

¢ A SHOCK

). ANALYSIS RESULTS

Table 1 contalns the parameters appropriate to
the {nhound croaning nf the hnv wave. The f!rst
rov ccitalns the components of f1n solar-eclip-
tic coordinates (X toward the sun, Y parallel
to the ecliptic and positive to the East, and Z
parallel to the north ecliptic pole). One of
our acceptabllity criteria 1ls that the normnal
should have a physically reasonable orfenca-
tlon. Figure ) show. the encounter geomelry a3
snen lookinyg towary the sun aslong the tatl of
Gilacoblni{-Z{nner. It can be seen that the
fntercept wvay basically from south to north so
that & reasonable shock normal should have n, ¢
0, n; <0 inbound and ny > 0, ny, > 0 outhound.
In bdboth cases, n should have a component polnt=

ing into the upstream solar vwind, so that n, >
0.

The angle, ® 3., ts * 80° so that the vave or
shock la nearly perpendicular as antlclpated
from the geometry of the trajectory and the
arientation of the ({interplanetary magnetlc
field at the time of tha crosaing.

The two methods of computing V, lead to tdenti-
cal results of 189 km/s. Although this exaqt
ajreement i undoubtedly a conincldence tn Uhis
case, Wa genefally require acceptable anlutions
to yleld approximately equal values ot V,. Tha
Inertial speed, Vy ™ Bh km/s, ls not rero as
vaould be eapected for a bow wave or standing
shack in an {deal situation. From the analyals
of planetary buow shocks, however, 1t his bren
found that the inoitial spoed {9 rarely eern
but that the shocks ars non-satationary with
Instantanmous speeads of tenn of km/s up tn
values of * 100 km/s. This reallzattion [faoras
the bants of another of our criteria, l.e,, Vg
need not be sero but should be amall (much less
than the snlar vind speed).

n z
| NORTH
ECLIPTIC
POLE y X

Figure 3. Encounter Trajectory Llooking Sun-
wvard., Contours corresponding to
a bow shock and plasma tall are
shown schematically alony with tha
coordinace systenm used in the
analysis (uopper right). The normals
for the f{nhound and ¢uthound cros-
singe of the bow wave or shock are
indicated.

The values ¢f C, and C, shov that the fon sound
speed ls dominant. Thetr raclo implies an up-
straam 8 = 8¢ p/B2 of 2.9. This value, which
fa larger than the value near 1.0 that fe tyri-
cally ohsarved in the solar wind, demonatrates
the influence of the cometary plck-up lons
which have come to dominate the energy density
of the plasma upstream of the bov wave. Tor
this quast-parpendlcular orientaciqn, lhﬁ {’ll
mode speed (s essantlally C, = (€, + %) ’
leading to a value of 123 ka/s.

Hence, the Mach nymber, M = 189/125 = 1.3 > 1.0.
The cnnclusion to be drawn is that tha inbound
crosning Lw, in fact, a shock. Further support
for this concluslon is provided by the Rankine-
Mugoniot solutfons, (with B8 « 1.9 and # = ant)
which show that tha catias Ny/N), B3/B; as
obaerrved are consistent with M4 = 1.6 + O.l.

The outhound crossing {9 consldered naxt, the
rasulty showing that (U {5 not easy to ohtatn
unambiguous results tn  this case. Table 2
contalns the rasults for an acceaptahle mnlucton.
As ahove, wa have Insisted that N have a rea-
sonable orfentation (ny > 0, ny > U, n; > 0 and
demonstrating a ressonable quantitative rala-

BOW SHOCK



TABLE II.

o N. 0.4236 0.1822, 0.8873

o9 :81.7° PERPEND ICULAR

Bn
oV =
S

AVXBZmAB\ - 60 km/s

e V_ = (NJN,-N)AV- =86 kmls
S 2 1

2

) Vl-nEO, V‘

.« C, =32 km/s, Cq * 94 kmls

» 60-86 km/s

C, * 9km/s

r
73
o« My g 0.73 +0.13 <10

e SUBSONIC - AWAVE?

t{onship). The wave turns out again to be near-
ly perpendicular with @ g, = B88°. The two
values of the shock apeed are slighrly diffearent
with V= 77 + 13 kmn/e, the average valuc belny
lov compared to that obtained tnbound. Agaln,
the fnerttlal speed of 60-86 km/s appears within
an acceptable range. In the e®onlar wind up-
stream of the ouiuvound crossing, C4 han de-
creased to )2 ka/s princlpally am a result of a
decrease tn the fleld magnitude by a factor of
approximately 2. The sound speed (s also re-
duced slightly mo that C¢ = 99 km/s. Howaver,
even this reduction {8 not adequate to yleld a
Mach nuaher grester than one. Thus, H = 73/99
= 0.73 + 0.13 < 1.0.

Taken at face value, thi{s result implies that
the wvave ls subsonic and not a shock. However,
wve have apollied an add{ttional criterion,
not discussed above, which (s not fulflilled by
this othervise acceptable soluzton.

FPor both waven and nhocks, certain geometric re-
lattons betveen &V and £ B .nust be satls-
led (R-f.11, p. 9P). In particular, for a
perpendicular shock or wave, & V ghould be
parallel to A (and perpendicular to A B) as
indicated tn the upper half of Figure 4. The
actusl ralation {e prescnced {n the lover half
fige . e which shows that & V makes a large angle
of =~ 12" vith respect to . As a consequence,
the numerators In V, l-n.L_mﬁ—f < oand &7V x
l}, are amall for a given A V., This misorten

tatton {a presumably the reason why Vo (s low,

The Rankine=llugoniot solutions (with 8% 10 andi

8 = BR') lead to Jumps {n denatty and flel.
conmistent with M = 1.6 + 0,3, L.e., & mean
value similar to that obtatned for the fohound
crossing.

73 +£13

A PROBLEM QUTBOUND:

FOR PERPENDICULAR SHOCK OR WAVE
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Flgure 4. Relative orientations of the valocity
and magneti{c fleld jumpe. The upper
panel shows the or{entatfon antici-
patead for a quasi-perpendicular
shock or wave. The bottom panel
shows the actual orientations of the
vectors used in the analyeis presen-
ted in Table 2 and which differ
drastically from expectattion.

We are continuing to analyze the outbound cros-
alng in the hope of ldentifylng the origin of
this aisorientatton of &V and & 3, 1t may be
that time variations acre responsible for pro-
duclng this apparent dlscrepancy. The varisbi-
lity of the outbound crassing, which may be the
result of multiple crossings of the bow wave or
a consequence of the high value of 8% 10, leadsn
to a ralatively long {nterval of ~ 20 minutes
botween stable upstream and downatresm cond{-
ttons., 1t may he that the solar vind, spectfi-
eally the orlentation of B, has changed aigni-
flicantly durtng this interval. Continued analy-
sl nhould shou whether or not {t (s« pomsible
to ubtaln an unambiyuous result for the out-
bound crowaing.
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