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INTRODUCT ION

Thls Is the final report on a one year ''Preliminary Investigation of
interplanetary Shock Str&cture“'ln which !t«waswbrqposed'to,feyigw;énd~¢8§mine"
Pioneer 9's magnetic field and plasma data to develop arguments for or against

the observation of oblique interplanetary shocks.

In ; word; the argument is for. - Although the mere existence of such
shocks could never have been doubted, there Qas no report of them at the time
this survey was suggested, and certainly no serious consideration had been given
to their structure or to‘the.extent of the role they might play in solar wind
phenomenology. This Investigation provided an opportunity tovcontempiate the
interpltanetary shock frop a structdral viewpoint and to give some thought to,.
and seek some evidence for, what might be'éxpected on the basis of experience

with the earth's bow shock.

The approach to ablique interplanetary shocks haé gone from naive to
semi4sophisticated in the course éf this small ‘study, iargely because of the
results concurrently developed in related investigatiﬁns by this and other
researchers: - A nearly parallel lnterplaﬁetari shock wés identified by another
worker even before this study began; the ''oblique' shock designation was sup-
planted by a more comprehenglve classification s;heme in which we now use the
term “'quasi-parallel" to:dgnéte the geometric class of interest; this class
is now itself divided Into subclasses based on mach number énd energy ratio
(B); the slow shock and the reverse shock have been found to be necessary con-
triSutors to thevpracfical study of quasi-parallel interplanetary Shocks;
finally, the.simple, visual search of spacecraft data for quasi-parallel shocks

has been found to be useless, and computer techniques found to be essential.
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The réport begins by defining briefly the new structural classifications.
We then review the justification for seeking some of these classifications in
the solar wind and the shock profiles that-might reasonably be anticlpated'ﬁy A
analogy with the bow.shock. We describe the approach taken in the light of’
concurrent developments and the résults obtained. Finally, we discuss the re-

sults and .conclude with recommendations for further investigation and action.

A key role in this investigétfon was played by a survey of interplanetary
shocks observed by HEOS 1, and made available through Vittorio Formisano. The
éurvey was part of a thesis written by Gustavo Mastrantonio of the Laboratorio
per il Plasma nello Spazlo of the Consiglio Nazionale delle Ricerche, Frascati.
This dpcument. listed under Mastrantonio In the reference list,'will be cited

often below as ''Reference 1'.
DEFINITIONS

~ New shock-structural classification schemes derived from extensive ob-
servation of earth's bow shock have been described recently in several papers

(Greenstadt et al, 1970b; Formisano ahd Hedgecock, 1973; Dobrowolny and Formisano,

1973; Greenstadt, 1974). The following parametric summary will suffice for this

report:

Quasi-perpendicular 8. > 45°
- 1le . . { ~4d
Quasi-parallel | o B, < 45
Laminar , Mg3, B<<.l

* Turbulent : _ M>3,82>1
Quasi-laminar ' » | M2 3,B<<1
Quasi-turbulent M<3,821,

where enB is the angle between shock.hormal;g and upstream‘E: M is the upstream
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(magnetosonic) mach number VSW/VMS’ B is the field to {plasma) thermal
cR2,0 '
energy ratio B"/8mikT, sz and VMS are solar wind and magnetosonic velocities,
N is the upstream density, and T is the total upstream plasma temperature.
JUSTIFICATION

Special Conditions

There are three fundamental reasons for undertaking an effort to examine
interplanetary shocks and, particularly, to iso]ate‘quasi-paralle] structures.
Thgse are: 1. increased opportunity to'observe low mach number shocks, 2. en-
hanced accessibflity of quasi-turbulent conditions, and 3. potential observa~
tfon of shock-associated acceleration of charged particles. Each of the

reasons is elaborated separately below.

. Low mach number. The earth's bow shock-is, on the average. a super-

critical, high mach number shock, oith magnetosenic mach punbar M
t

condition résu]ts from vhe essentizlly stationary, sojar“.ed
earth, which exposes the magnetosphere to the full streaming~speed of the solar
wind. The speed is usual}y in the rande 300-500 Km/sec and rarely falls as low

as 250 Kn/sec. fnterplanetary.shocks, in contrast, propagate in, generally with,
the solar wind. 'They need only ekcééd the interplanetary magnetosonic velocity,
typicall? abéut 80 Km/sec,\to eﬁ?ste ‘Their>vé16city re!atﬁyé to the ''upstream'
plasma‘is often below 250 Km/sec, giving MMS’f 3‘65 a comibn occurrence. Tﬁus

the whole category 0f»§2§££i£i£il plésma shocks is opgned up to spacecraft mea-
surement with considerab]y greater opportunity then the:bow shock &
indeed, of the twenty-four shocks identified in reference 1, fifteen had mach
numbers below 2.5. 'Eurthermore, four were claésified as slow shécks, wi th

M % 1. In the caserf the earth’s bcﬁ shock, at most about 10 percent of ihe

observed crossings are at low MMS’
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2. ‘gggsi-turbulence.-,One of the identified subcategories of shock struc-

ture has been called quasi-turbulent by Formisano (1974; Formisano & He@gecock,

1973). This subclass Is defined by shocks of subcritical MMS but high B. High

B discourages plasma instabilitles (Greenstadt & Fredricks, 1974), so this type.
of shock offers the chance to Isolate some of the processes that hegglproﬁbngff“:ff*

highly, without the accompanying complication introduced by supercritical ‘Fiow. -

Quasi-turbulent bow shocks are rather rare, occurring only about 4 percent
" of the time (Formisano, 1974). This is expected from the definitions of M and
B and the nature of the solar wind. By approprlate grouping and rearranging of

n,B,T factors, it can be shown that

v

SW :
M, v— /B .
A ~

+

But Vg, n /f: (Burlaga and Ogilvle, |S73);'hence, My n /E:, so that M and B tend

to rise and fall together, making reversed combinations unusual. In a typical
solar wind, My = 7, B = .5, lmp1ylng'MA z IO/E:, and requiring, for M, < 3,
B+'<..09. Quasi-turbulence, In contrast, demands B+ 2 .1 when MA < 3. Compari-
sons of MMS’ rathef than MA; with total B, rather than B,» change the numbers

< M, and

MS A
;’B'>~B;,'but“the general ‘trend Is- the same. = - U e e

and Iimprove somewhat the prospects for quasi-turbulence, since M

tTHe trénd IS ﬁordeterrent however,'fnideélfﬁé with interplanetary'shocks.

lndeed since high temperature (hlgh B) impl!es hlgh sz (Burlaga & Ogilvie,

(1973), an Interplanetary shock propagatlng lnto a h!gh B plasma Is- lukety 1o be.
overtaklng a fast solar wind and Is therefore likely to have a Tow mach numberﬂ
lnterplanetary shock§ are therefore an appropriate source of quagf-turbulent
structures: of the fwenty-four shocks of referencg 1, ten, or 42 percent,

satisfied quasi-turbulent conditions, i.e., B > .5, M < 3,
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3. Charged particle acceleration. Reverse streaming protons of energiées

up to 100 Kev have been detected coming from the earth's bow shock (Asbridge et
al., 1968; Scarf et al., 1970; Lin et al., 1974) , and protons of 300 eV have been
.assoclated wlth lnterplanetary ‘shocks (Ar trong et al.,. l970) However, the:
'vprocess or processes creatlng these backstreamlng partncles have not been fully'
determined. Sonnerup (1969) outllnedra theory of proton reflection from the

bow shock that appeared to provide ions of suitable energy. Sarrls & Van Allen

(1974) have proposed a model of multiple proton reflection from lnterplanetary
shocks to explaln the generation of relationistic particles, and it seems rea~
sonable that multlple reflection should play a role in the bow shock as well,

1., 1974) are to be explained by Sonnerup's

if 100 keV particles (Lin

e .
process. The anomalous appearances of high energy solar ions from unexpected
directions or at unexpected times may yet be ekplained in part through a better
understanding of particle energizatlon by shocks propagating outward from the

sun.

Details of shock-particle interaction have not been reported, however. In

principal, Interplanetary shocks offer an advantage over the bow shock: whereas

. - lons reflected from the bow shock must be detected in directions opposite, dr L

at large angle, to the solar wlnd flow, lons reflected from an interplanetary

'shock may appear from the same general dlrectlon as the solar wind and could be

detected, at the lower energies, by a solar wind plasma probe.

Qdasl-Parallel Structure

In all the above reasons for examining interplanetary shocks, quasi-
paralle] geometry Is of special interest. At this time, only one case of lami-
nar (low M,8), quasi-parallel structure has been detected in the bow shock, and

no quasi-turbulent, quasi-parallel bow shock crossing has been found. Moreover,
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the laminar case was contaminated by a change in fleld direction during the cros-

sing (Greenstadt, 1974) and Is not a good example.

A In dealing with particle engrgizatioq,,the orientation of the magnetic field .
with respect to the shock In the upwind plasma Is of critical Importance, for the -
field direction determines which reflected particles will be trapped at the shock
and which will-escape (Greenstadt, 1974). A first-ordef; qualitatfve picture of
Interplanetary shock-particle association ;uggests that quasi-perpéndicular
.géometry should ténd to keep lon; from escapfng, allowing'them to accelerate to
appreciable energy by repeated reflection (this Is the model of Sarris and Van
Allen), while quasi~parallel geometry should permit them to escape ahead of the
shock, even dissoclating themselQes from it In the record of an interplanetary
monitor. Also, a considerable lncrease in sca]e (radius of curvature) in going
from the bow shock to Interplanetary shocks may have a begrlng-on the opportunity
for high energization by multiple reflection. A propagating interplanétary shock
may encountér numerous amblient, lbca], upwind flelds as it progresses away from
the sun, and may alternately accelerate and emit lons, creating a pattern for
partlcie detectors that mlghf be more comprehensible 1f shock structure were

taken into account.

Since partfcle energization Is likely to increase with mach number, quasi-
parallel siructure Is of interest for all shocks, not'just for those in the
laminar»andfqﬁasi-turbulent~cfas§§su 0f the twenty-four shocks ‘in reference.l,'
seQen Jere quasl-parallel, i.e., had"enB < 40°. Thu; quasi-parallel geometry is
not unusual at 1 AU and, since the stream angle'éf the field becomes more radial:
toward the sun, there should be an incfease in incidence of Q-parallel shocks

among events observed by inward-bound spacecraft. -
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INTERPLANETARY SHOCK PROFILES

While certain types of structure should, in principle, be more accessible
In lnterplanetary shocks than in the bow shock the practical observatlon of these3
structures 18 more’ dlfflcult ln Interplanetary cases because of the higher T
relative speeds of shock and spacecraft. There are, exc]uding the perpendicular
shock, two basic structures whose (magnettc) thicknesses are known from obser-
vation. The first Is the quasi-perpendicular, laminar strdcture, which consists
of a clear ramp of thickness on the order of 4 c/wp' (Greenstadt et al., 1974);
the second Is the tufbulent, quasl-paréllel structure, which consists of a
reglon.of large-ampl | tude, mixed oscillations of thickness on the order of at

least 1 R, (Greenstadt et al., 1970a).

The observational requirements assoclated with these thicknesses can be
easily estimated. In a spacecraft's freme of measuremenf, the observed shock
durat{oh Ats would depend on the shock's thlckhess, its speed VSH’ and its
dfrectlon‘of propagation in the solar wind frame. |f we place ourselves in the
plane of the solar wind and the shock normal and take X positive outward from
the sun, theh'the shockrnormal Is glven by components n = (cos Ohx, sin enx)’
where 6. Is the angle between p and X (I;e., n and Vo). We have AS¢ =7!ssAts
and AS¢en = AS, where A  Is the satellite path through the shock structure,
_!SS f\!SV + gsu‘ls the shock’velccityAln the spacecraft frame, and !SH =
‘{?sﬂ éégfenx}fiéﬁ sin Enx.” Théfhesqltfﬁﬁ'exPﬁ6§§Tbn'féf‘the'6hsefved<shdck’thfck-'
ness duration [s

+V

At = AS/(sz cos an

S SH) ’
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We cbnslder, for numerical Illustration, the laminar, quasi-perpendicular
and turbulent, quasi-parallel cases. |If we postulate a typlical solar wind sﬁeed
of sz -.bOO'Km/sec and if, to make B8 low for a laminar condition, we take dengity
New

=] cmf3;~5~§’107, Tp,s 10*°K, Té =15 x 10°°K (B = .08), a laminar inter-'
planetary shock ramp would havexthlckness AS = 900 Km. Now the limiting, minimal
speed of a fast shock in the solar wind Is the magnetosonic speed in the plasma,

of whlch our laminar parameters give a vaiue 220 Km/sec (for My. = 1). Then

MS
At 5_909/(#00 cos an + 220).

For a turbulent, quasli-parallel, Interplanetary shock, we must Iinterpret
AS andlAts in terms of a "pulsation reglon'' thickness rather than a '"ramp." We
- may, In thls case, také more typlcal plasma parameters, say, N = 7 cm-3, B = 5y,
Tp = 7 x 10*°K, and, with AS = | Re = 6380 Km, .the minimal magnetosonic shock

velocity Is 84 Km/sec. Then Ats,ﬁ 6380/ (400 cos an - 84).

The two expressions found for Aty are plotted in Figure ). The vertical
liﬁes repfesént the angjes at which the spacecraft path is parallel to the shock
itself, so Ats becomes Indetérmlnate; negative:Ats signifies that the spacecraft'
crosses the shock ''backwards'' from downstream to upstream. We see that, except
within 13° of the angle of the vertical astptote, the thin, laminér shock crosses
the obéervation‘polnt in 10 seconds or'less. For most angles, the crossing time
;hould be 2 to 5 sec, requiring In consequence a higﬁ sampling rate for any
‘détalled measurement. LOng crossing times occur on]y for reverse shocks with
nﬁrmalg In a narrow range aroﬁnd 126° to the outward solar radial. The nominal
quasi~parallel shock, being much thicker than any‘quasj-perpendicu]ar one, takes
13 #ecouds or more to cross a spacecféft,‘but the really long transits occur
only for reverse ghocks travelling almost dlfectly across the solar wind flow at

100° to the outward solar radial.
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We may recall that In addition to its pulsation region, the quasi;parallel
strucfure has a ''foreshock'' of smaller amplltude oscillations which precedes it
upstream and which, in the case of the earth's bow shock, may often be tens of

“earth radll thick; Thus, the ggggl quasi-parallel structure could be observable
up to an order of magnltude longer than the quasi-perpendicular structure, even
at relatively unfavorable propagation angles, but the foreshock could probably

be interpreted with confidence only |f the shock Itself were also observed in

detall,

The nominal crossing times plotted in Figure 1 illustrate the practical
dlffieelty Inherent in seeklﬁg'Structural data on lnterplanetary shocks. The
IO~254secona Ats's expected for most quasi-parallel shocks must be contrasted
with the hour-long crosstngsiof such structures sometimes occurring in the bow
shock. An Interval of 20 seconds or so is only a little .longer than that usuelly
- - afforded by the much thinner laminar structure in the bow shock, even when the
latter is almost stationary. Thus, any tfu]y meaningful study of IP shock
structures should be undertaken principally with high'resolution instruments ob-
taining (magnetic) samples once per secone or faster. We say principally because
there is the very considerable possibility of observing IP shocks at la;ge angles
of propagation giving quite jbng_crosslng paths. Of the 24 shocks in Reference
], 15 were propagating at angles greater than 45° frbm ihe solar radial, and,
of these, five were at angles between 90° and 135 , where relatively large Ats

could be expected

To complete the above treatment, we examine briefly the more realistic
conditlons when the limiting restriction MMS = 1 is removed. The crossing times
for both laminar and quasi-paralle] cases are plotted in Figure 2 at several

selected mach numbers. As might be expected, the longer’Ats's move, with their
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assocliated asymptotes, toward an = 180° as MMS Increases, and the negative values

of Atg at 180° increase with Mys (at fixed sz), since the reverse shocks at that

angle behave more and more l1lke the stationary bow shock. The net result of in-.

chreaslng mach number 1s therefore to lncrease the observablllty of reverse shocks,?'f*

and thls effect Is qulte dramatlc In the quast parallel case. Unfortunately, the :
prospect of finding numerous reverse shocks at elevated mach number is not very

~ good.

It may -be concluded from the foregoing that the Interplanetary shock as it
Is usually envisioned, l;e., as a fast forward shock propagating approximately
in the'antlso]ar dlreetlon, Is llkely to appear as a'falrly abrupt profile re-
~gardless of its internal structure to any but the highest resolution instruments.
There are, however, many more shocks of low mach number and nonradial direction
than might be antliclipated. These ought to be sultable fqr.siudy when obser- |
vations are avallable, but they cannot be Identlflea readily from visual records
anavrequire sophisticated 'computing procedure early in the search phase of in-

vestigation.

APPROACH

- Redirection

It was inevitable, with the increasing resolution of satellite telemetry
-and the continulng attentlion of researchers to interplanetarx;shocks,5thgt]
verylng profiles would be observed and Q-pérellel structufes identified, if
they were a;cesslble at all. 1t was the intention of this investigator to con-
sider the problem of accessibility and search the Ploneer 9 data to find cases
of probable Q-parallel structure. After the proposal for this study was written,

however, such a search became unnecessary, for one case was already exhibited
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by Chao at an AGU meeting (in December 72, to the best recollection of this In-
vestigator). For this feasdn and for a second, about to be explained, the ap-

proach and objectives of the study were altered to what it was hoped would be a
“.7m0f¢"PdeUCt‘ﬁé:PfOQFQWi?ngHY§1cé1 aﬁajys)s qf‘Qépara]ig);]ﬁte}bléneﬁérylshock§ '«
1f any could be found that were observed by sultablé spacecraft systems,.parti-

cularly that of 0GO 5 in the 8-kilobit mode.

The second reason for abandonfng the inlttial approach was its unreliability:
the idea had beenithat,.by seeking dlscontfnulties, {.e., sudden changes, In
Pioneer 9's plasma parameters and then examining the corresponding magnetometer
data, shocks would be found which, by virtue of thelr.propagatlbh locally along
B, would have been qvérlooked in the magnetometer record. Alternatively, it
was thqﬁght that a list 6f sﬁdden COmmencéménts, coupléd with a list of intervals
during which B lay close to the sun-earth line, would lead to an examp]e, or _
examples, of a Q-parallel shock. In September 73, however, ghég_(1973) published -
an experlmeﬁtal paper on the stéepenlng of waves to form interplanetary shocks.

" Examples were shown of gradual field ramps which were not shocks at all. ‘More
diréctly, a new opportunity arose for this investigator to examine a preliminary
list of shocks selectea by computer, using Chao's program, through the courtesy
of V. Formisano. Of 24 events identifled as shocks and characterized parame-
trically through the Ranklne-Hugoniof relations, seven were Q-parallel, accordiﬁg
tosgomputerfestEmateé«qf shock normal'qftentation, But of these seven, six had
norméisvahd.préshocked Q‘s sdfficiently nonradial that theylwould not have been
selected as events likely to be Q-parallel by the simple approach originally pro-
posed. It didn't seem advisable therefore to séek cases which, even if theylfit
the descriptfon of whaf was being looked fdr, would have had a significant proba-
bility either of not beiﬁg-shocks anyway, or of having been erroneously.discarded

on the basis of an Inapplicable geometric assumption.
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It was decided instead to take advantage of the prepared shock list and the
prior existence demonstration of Chao to attempt to develop details of shock
- structure and behavior, using multisatellite observations, hopefully with Ploneer

9 as a useful member of any selected enseﬁble of spécecraft.

Sources and Methods

The plvofal source of relevant events was a list of shﬁcks prepared by
Gustavo Mastrantonio at the Unlversity of Rome as part of his laureate thesis.
The list, whléh covers the Intervals during which HEOS 1 was in the solar wind
between 11 December 68 and the end of 1969, was prepared by computer search of
tapes of merged fleld and plasma data to ldentlfy, Separately, éll discontinuitles
above selected thresholds lﬁ elfher fleld magnitude, density, or velocity. The

shock analysis program of Chao (Chao and Goldstein, 1972) was applied to all

such identified discontinulties to test for conformity with the Ranklne-Hugoniot
shock conditions, and those discontinuitles that survived formed the list of

2L shocks referred to Here. The coﬁputation process automatically produced

such: key parameters as shdck veloclty, mach number, shbck-norMal direction n,

and fleld~normal anglenean, so that the ciassiflcation of each event could bé
easily determined. The sourc§ list Included shocks that were fast and slow,
forward and reverse, QUasi-pefpéndIcular and quasi-parallel, and laminar and tur-

bulent In various combinations.

Qf the 24 deslgnated shocks; l§ occurred before Aprll'196§,'at which fjme
the HEOS trajeétory entered the magnetosheath aﬁd the.spaéecraft siopped sémﬁilhg
the solar wind until Octobér 1969, when 1t emerged again on the dusk éide.
Attention was confined in thi; study to these firsf 16 events because it was
during the December 68-March 69 Interval that Pioneer 9 was In its post-launch -

trajectory, near enough both to the earth and to the earth-sun line, to make
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plausible identifications of events passing the two spacecraft at different times.
Figure 3 shows the_trajectory of Ploneer 9 relative to a stationary earth In sun-
centeredvpblar coordinates, through 1 April 1969. A reverse shock propagat1n§’ :

100 Km/sec in Q_BDO,Bm/sgc~sgipr'a§pd gpuldehavg'takgn'as long as SQ hqyg;.;gliv‘f'
travel froﬁ Plone;r id.éarfh';n Aﬁrll 1§f. Such én event'woﬁid be &!ff{cult‘fo )
Identify unambjguously In most Instances. Fortunately, the only cases of interest

here Involved much shorter delays.

In addition to the shock list, magnetic field and plasma parameter data
from Ploneer 9 and magnetic fleld data from 0GO 5, Explorer 33, and Explorer 35
were consulted, these ln'the form of microflims obtained from NASA/NSSDC. These

data were Inspected visually around the expected times of events.

RESULTS

Case Selection

Four of the six§een shocks recorded by HEOS 1 up to the 1st of April 1969
were quasi-parallel. For purposes of this study, ''quasi-parallel' was defined
by the céndltloniean < 40°. These four were examined as candidates for detailed

study.

Some characteristics of the four selected events (at HEOS 1) are presented
In Table 1. We see that two were fast-forwérd and two were slow-reverse shq;ks.
The two féét;Fbrward'sﬁocké weré’fégt ihdéed‘ahd offered littfevpromfse'ofﬂrEF”
vealing their structure to any offthé avallable instruments, their estimated
crossing times having beeﬁ 16 seconds or less (Figure 2). Inspection of the
records from the other spacecraft showed a clear event for case 1, at all

vehicles: Ploneer 9, 0G0 5, Explorers 33, and 35. Every fleld observation
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exhibited a sharp jump In field strength similar to that recorded by HEOS. The

1- klloblt data from 0G0 (1 field sample per second) verified that the shock's

crossing tlme-was less than 3.3 se;onds. Case 4 was less instructive. At the

-approprlate t!mos of. the shock crossings, 0G0 5 and Explorer 35 suffered data

- gaps, whille Explorer 33's magnetometer underwent cne of Its perlodlc sensor

flips. The data gaps were short, but included the shock crossings, as evidenced
by differences In fleld before and after the respectlve gaps. The corresponding
event at Ploneer 9 could not be identified unambiguously, there having been
several steps In B around the estimated shock crossing time. Examlination of

the fast shocks was not pursued further.

The second of the two slow-reverse shock cases occurred on 2 February 69.
The event was one part of a complex serles of discontlinuities which has been
studled by several groups of Investlgators (§gg;j;g£_gl:,_ls72; Greenstadt et
al., 1974; Dryer et al., 1974). It did not seem worthwhile to attempt In this
prellmlnary Investigation to disentangle the effects sought here from the many
others observed that day, especially since the event was not an obvious one in
the records of fleld-averages from 0G0 an&'tne two Explorers, and was only an-
-biguously identified at Ploneer 9. The remaining slow-reverse shook, that ‘of
14 January 1969, was also effectively lndlstInQUIshable ar 0G0 and the two
Explorers except by analogous configuration of the fleld patterns to that at
HEOS Thls subtlety of shock identiflcation by reference to magnetlc records
Is- hardly surprising for a shock with 9 = 7°. The-eVent was an Isolated one,,
however, and a corresponding complex of events at Ploneer 9 seemed to be de-
finable. The circumstances surrounding this case'were'therefore developed in

greater detail.
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The Case 2 Example

Table 2 displays some characteristics of the shock of 14 January 69. Sub-
scripts 1,2 refer to the order of cbservatlon with respect to the shock In the-
‘measurement time frams, 5o that subscrlpt 2 denotes upstream conditions In the
plasma frame for this feverse shock. The shock hormai, glven In 6Evcoordi6ates,
was near the ecliptic and close to the average'stream angle of the interplane-
tary magnetic fleld, so the normal to the shock was essentially parallel to the

most common 55wi

Figure 4 shows the behavior of Bc,, between 1800 and 2100 at both HEOS 1
(48-sec samples) and Explorer 35 (82-second aveugés). We note-two important
Items: first, there was virtually no distingulshable magnetic field jump at
1940 at elther satelllte; second, upstream Interplanetary fleld, which In this
case appeared after 1940 was, desplte moderate vartabillity In direction, consis-
tently wlthlnv45° of the eclibtlc and IS° qf the usQa] stfeam angle (& 315°) for

at least an hour,

Figure 5 exhibits the geometry of the earth-shock-Ploneer 9 system projected
on the ecliptic. The Pioneer trajectory is shcwn as the dashed curve with the
position of the probe on 14 January indlcated py the small circle at .9 AU, about
2° east of the sun-earth line. The Intersection of the 'shock with the ecliptic is
approximated by stralght 1ines perpendicular to the projected shock normal n,
and the §Hock Is shown‘it three poslildns as If It progresséd‘uniforh1y~alon§"
constant n from Ploneer 9 to earth. The average splralgsw is drawn in the sense
- observed (prosolar), wlth'the required negative step at the slow shock. As
already shown in Figure 4, no pronounced step aﬁpeared near the earth, and for

nearly parallel n and ESW’ none should have been expected.
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If the geometry of Figure 5 is accepted at face value, the approximate
time of the shock's passage by Ploneer 9 can easily be computed: the délay, in
hours, would have been. .06(AU) x 1.5 x 10°(Km/AU)/3600(sec/hr) x 90(Km/sec)/cos;5k?
= 16. 3(hrs), so the time at Ploneer would have been about 032& This ts;ﬁhﬁqﬁjﬁg j":
Indicated In FIgure 5. | t o | R
The Pioneer 9 record indicates extremely steady conditions throughout 13-
14 Januar*, except for the interval 0520-0630 during which there was a series of
plasma and field events. We identify the series as the phenomena associated
with the 1940 shock at earth. Tic Pioneer 9 Interval 0LOG-08GO is depicted in
Flgure 6. The fluctuatldas in fieldlat Pioneer between 0510 and 0615 ware
reasonably similar to those at Explorer and HEOS between 1830 and 1940, and we-
adopt that tentative correspohdence, noting especlally the I7-h1nute segment of
" almost constant fleld, just under 10y, aetweea 0553 and 0610 at Pioneer and the
similar 20-minute segment between ]905 and 1925 at Exp]brar 35. Exact patterns -

were clearly not preserved and perfect correspohdence was hardly to be expected.

e

"It seems like];;“from the velaciiy drop ;i about 05#5,4tha;ma-;ara%action
at the tralling edge af a stream-stream interaction might have contributed to
formation of a reverse shock eventually seen by HEOS 1. Densities (not shown)
were very low at Pioneer (<1 cm-3) and not accurately described in this version
‘of the daaa (from NSSDC fi]ms); but a ralativa average decline was evident after
0600.° Any of several steps ih.M br_B5aft¢r,060O mtght:have‘develbpgdiinto:tﬁg‘{
event recorded as a slow shock by HEOS 1, with a time delay within 18 percent of

the geometric delay estimated in the above zero-order approximation.

Whatever the event that propagated backward in the plasma between 0600 and.

1940, the fleld which it encountered ”upstream” would have been that seen by
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Pioneer 9 after 0600. This field was not necessarily uniform over the two de-
grees and .2 AU separating Pioneer from earth, but the similarity of-stream anole
and field magnitudes at all spacecraft makes such uniformity a probably valid |
assumptlon. Moreover, the field remained close to the stream angle at_ Pioheeruf
e;for the ent!re lnterval 0600 ISAO. Tt may be concluded that the upstream f!eld

A geometry was essentlally quasl-parallel throughout the 13 -4 hours preceding

the shock observation by HEOS 1.

The 0GO-5 spacecraft was in its ] kilobit mode when the event of 14

Jan. occurred. Flgure 7 shows the fleld magnltude_measured by the UCLA f lux-
gate between 1930 and 1950. <Clearly, no outstandfng event occurred and cer-
taihly no single step normally associated with an lnterplanetary{shock was

recorded. Such an indistinct magnetic outline is what should be expected for
an eetablished, steady state, nearly parallel shock. Unfortunately, the data
from 060-5's JPL Plasma Analyzer (not shown) do not confirm the plasma changes
llsted by HEOS 1. There were some changes in flux at 1935, 1938, and 1944 UT
but none large enough to be consistent with the one determined by the HEOS 1
valued at 1940. The OGO‘data, however, indicated some unusual deviations in
plasma flow direction whlch might have affected the accuracy of the plasma

parameters.

DISCUSSION .

It was the good fortune of this study, by virtue of Chao's early

' wdﬁé‘aﬁa’thé tabfehoreparéo'hthhe/HEOS group, to have been ah+e5to:be§thi'”
at a more advanced stage than had originaily been comtemplated. The anesti*
gation has therefore, in a sense, been successful: The existence of quasi-
parallel interplanetary shocks is established and some elementary characteris-
tfcs of them verifiedt Indeed, a substantial number of identified shocks'have

turned out to be quasi-parallel.
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"The accelerated stage of investigation has its drawbacks, however. With
existence established,.the study is propelfed immediately into the more dif-
ficult process of display and analysis of shock structures, with events thét
don't easily lend themselves to high fesolutlon observation, as outlined in
the earlier PROFILE section. Here agéinl good luck,preVéiled: The PROFJLE
‘analysis‘{ndica;ed an ;dvantage to be expected in examining reverse shocks
and §hocks propagating at large angle to the solar radial, and the HEOS listing
obliged by providing examples of both. As usual, & number of casés satisfying
all requirements, e.g., multisatellite observations, was quickly reduced to a

statistica}!y negligible set, cn this occasion, a single case.

The ohe case selected as an example exhibited most of tﬁe superficial
properties that ought to be associated Qith quasi-parallel geometry. More-
over, it was an event observable at_four-spacecfaft, including Pioneer 9.
Nevertheiess, the event is unsuitable for really tﬁorqugh analysis, because
0G0-5 chanced not to have been operating at 8 kil§bits at the time. Also, the
shockjwas relatively low- mach number, slow shock, so that quasi-parallel geom-
etry was not the only factor that might have‘contributed té tHe cohbé};tfvely

featureless character of the event.

[n.sum, discontinu}ties in thevfnterpl#ﬁetary mediﬁm thét Have the
average MHD sighatures of parallel;, or quasi-parallel,';hocks a}e not unusual.
ThGY‘OCCUTréd in 29% of 24 cases sefected by automatic computer fit of the :
Rahkine-Hugoniot relations, using data from a single sgieliite."Several of
the Q-parallel examples were,FOUnd-ﬁo be propégating iﬁ directions that would
facilitate detailed observation, but hjgh resolutﬁbn recording (1 .sec/sample
or better) would be required to obtain uieful*new §cientific resulfs. " Four |

cases were identified which could have .passed Pioneer 9 during the early part
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of its flight and, In general, potential multiple satellite observations of
such eyehts would seem to have been the rule rather than the exception,
despite discontinuous telemetry cycles. One particular event appeared to.

" 11lustrate well the behavior sought for quasi-parallel lnterplanetary shocks,.AA

“the dlscontlnulty was ‘observed by plasma, rather than fleld measurtng Instru-.!?»

ments on HEOS 1. It was accessible to four spacecraft, but its field sig-
nature wds undistinguishable at HEOS ], Explorer 35, and 0G0-5, and was at
most a very small step at Ploneer 9. The event appeared to have propagated
in a solar wind environment conducive to establishment of stationary quasi-
parallel geometry over an interval of many hours and a distance of at least
0.1 AU. A disparity of pl#sma slgnatures of the shock between two earth-
-orbliting satellites could have been caused either by local nonuniformity of
the Q-parallel shock or.by differing measurement sensitivities. Analysis
of the event was compllicated byblts classification as a slow, as well as a

parallel, shock.

. It may be of value to restate the above in terms of answers to the flve

quest bons posed in the 'objectives' éectlon of the original proposal:

1. Can a set of promising oblique Interplanetary shocks be Identified
by thelr plasma and magnetic signatures alone?

Yes, but a visual search would identify many events that would not
not be verifled as quasi-parallel shocks, and most quasi-parallel
shocks would probably ve overlooked.

2.. If so, can a condition separatlng obllique from perpendlcular
- -structures be established?

Not by inspection alone

3. Can data be assembled In sufflcient detall for at least one, but
perhaps for several, cases which will serve to verify the nature
of the events?

Yes, as described in the repoft.
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4., If so, what is the result of applying the R-H MHD relatlons to these
events?

The events actually had to be ldentlfled by use of the MHD rela-
tlons. The results were that the event's normals are usually far
from the outward solar radial dlrectlon, and they were not always
fast shocks.

5. If positive ldentlflcatlons are made. can an estlmate be made - of
‘the. occurrence and -Importance of oblique shocks among solar wind
phenomena?

_An estimate of occurrence based on one set appears in this report.
An estimate of importance will require further analysis. :

It Is concluded that quasi-parallel shocks,-l.e., shocks at least .
temporarily subject te quasi-parallel structure, constitute a significant
frgétlon of discontinuitles propagating in the solar wind, and may make a
slgnlflcanf contribution to the dynamics of the Interplanetary medium. Such
shocks are not ordlnarlly ldentified by standard surveys of solar wind

discontinuities..
RECOHMENDATION‘

The largely qualitative results of this stedy will have to be extended
to a more quantitative investigation before an assessment can be made of the
overall impact of quasi-parallel eveﬁte en solar wind dynamics or_of the
physlcs of'speclall;ed shock types. An intensive Investigation of quasi-
parallel lnterplanetary'ehock physics does not seem justified at this time,
principally because of'the Inherent elff}culty of oBtalnlng high resolution
examples wlth existing data. lt ggglg_be worthwhlle to extend the survey of
" shock ¢lassifications to an enlarged data set, using the same approach
“applied to the HEOS | data by the Frascati group. It would be of particular
Interest to examine some shocks In relation to what should, in general, be
»fhe nonsteady, lnterplanetary fleld geometry through which they propagate
and it would be valuable to trace a possible transience of shock signature

that mlght appear in passage from ene spacecraft to another
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It Is recommended that thls initial attempt to generalize the study
of_lnterplanetary discontinuities to Include explicitly quasi-parallel
shock»structures be continued at a low level with the objectlives of |
1) enlarglng the set of examples. 2) developlng a more generalizab\e .
_ statIstlc of lntarplanetary shock types. 3) assesslng the translent varla-
tion of shock structures, and &) analyzlng one or more selected examples
In-sufficlgnt detail to obtain rellable physical results In quasi-turbulent

~ and slow-shock cases, |f such cases can be discovered.

1t is further recommended, with emphasis, that wherever feasible,

reduced data from magnetometer and plasma probes on the same spacecraft
be merged on single tapes to facllltate automatic search for shocks or any
other phenomena of general Interest. Such tapes ought to be made avallable

through NSSDC.
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Table |

Quas!-Para) le]_Shocks Betwesn 1) Dec. 68 and ] Apr. 69

Case

No.  Day No. pate  Time(ur) Bi i\_ _eﬂ :._n_x - Type
] .4671968A 1t Dec. 1506 .19 2.08 2.9° 42° Fast Forward

2 14/1969 14 Jan. 1940 .18 1.56  6.9° 123° Slow Reverse
3 33/1%9 2 Feb. 1322 .19 1.21  4.8° 131° Slow Reverse
b 57/1969 26 Feb. 0151 .0k 3.17 35.0° 39° Fast Forward

Table 2

The Shock of 1940, 14 Jan. 69

Time B1(Y) B,(Y) (km/sec) (km/sec) (cm~3) . ‘(10fok) - A" 00" (n/sec)

1940 -8 9 . 295 355 9.9 3.h 28 2.7 -21 306 90
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Figure 3. Ploneer 9 Trajectory on Ecliptic Pfine, with résbect to
Fixed. Sun-Earth Line. Small circles are ten-day markers.
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1 AU

Figure 5. Approximate Geometry of Ecliptic Intersection of
Hypothetical Planar Shock of 14 January, Travelling
from Pioneer 9 to Earth. Shaded Sector Represents
Range of Upstream (with respect to shock propagation)
Magnetic Field Longltudes Observed During Travel
Interval.
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