
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



X•692-71-66

a ^11 A aj 6 5 lKof 1p

REVERSE AND FORWARD SLOW SHOCKS
IN THE SOLAR WIND

L. F. BURLAGA
J. K. CHAO

- Z72^^^^..

cz

e	 >

FEBRUARY 1971

4D --- GODDARD SPACE FLIGHT CENTER
GREENBELT, MARYLAND

N71 _
(ACCE	 10 NUMBE	 (ft RU)

O_ 	 -(PAGC )	 (CODE)

Q (NASA CR	 TM OR AD NUMBER)	 (LATE	 RY)
L

.a .



X-692-71-66

REVERSE AND FORWARD SLOW SHOCKS

IN THE SOLAR WIND

by

L. F. Burlaga
Laboratory for Extraterrestrial Physics

NASA Goddard Space Flight Center
Greenbelt, Meryland

and

J^ K. Chao*
Center for Space Research

Massachusetts Institute of Technology
Cambridge, Massachusetts

T

Mar.:h 1971

*Present Address: Laboratorio Plasma nello Spazio del CNR presso
Instituto di Fisica "G. Marconi"

-W



Abstract

A reverse slow shock and a forward slow shock were found in plasma

and magnetic field data from Pioneer 6. The shocks were oblique an y :::ak

(Mach ^--1.2).

Numerous non-shock-like discontinuities were found with B1#B2ard

n 1#n2 . Assuming pressure balance across them, we obtained an average

electron temperature T  = (1.8+.2)x10 5 OK. It was observed that

discontinuities with B 1#B2 , n 1 =n2 seldom if ever occtr.
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I. Introduction

Recently, a reverse perpendicular fast shock (Burlaga, 1970) and

two forward slow shocks (Chao and Olbert, 1970) were identified in the

solar wind. There is also some evidence for a reverse oblique fast

shock (Chao and Binsak, 1971). Reverse slow shucks have not hitherto

been reported.

We have scannec4 Pioneer 6 data in leach of such shocks

with the aim of confirming ar.d extending the above results. The

search is described in Section II and the results are discussed in

Section II L Numerous discontinuities were found which are not shocks.

From these we obtained an estimate of the average solar wind electron

temperature which is independent of spacecraft sheath effects (Section IV).

The data used in this study are from Pioneer 6 which was launched

on December 15, 1965 into a heliocentric orbit with apogee .98 AU and

perigee .82 AU. A plot of its orbit during the early days of the flight,

which turn out to be the times of interest, may be found in Ness (1966).

The magnetic field data were obtained by Ness and the plasma data by

Bridge, Lazarus, and Davis. A discussion of their instruments may be

found in Ness e*_ ai. (1966) and Lazarus et al. (1966), respectively.

r	 _
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II. Selection of Discontinuities

The search for shocks was begun by looking for discontinuities

in the magnetic field intensity B, since a jump in B is a necessary

condition for all shocks except a parallel shock and since B is measured

more frequently than the plasma parameters. A quantitative criterion

for selecting changes in B was not used, since the variations in B are

very complex. Inscead, they were selected subjectively with an attempt

to choose mostly step-like changes, the change being +20% in <1 min and

the field intensity be i ng nearly uniform over tkez,5 min intervals before and

after the change. Plasma data were not available for all of these

discontinuities. The results that follow concern only those discontinuities

for which both plasma and magnetic field data are available.

To isolate the shocks, we first selected those discontinuities

which had the correct signature (Colburn and Sonett, 1966), then

eliminated those which clearly did not satisfy the Rankine-Hugoniot

equations using the fitting scheme of Chao (1970), and finally eliminated

those discontinuities wh=.ch could conceivably satsify the pressure balance

condition for tangential and rotational discontinuities. Discontinuii_i-es

which were not shocks were considered spearately and were used to obtain

the electron temperature as discussed in Section IV.

The distribution of B for the discontinuities which were selected

from Pioneer 6 data for this study is shown at the top of Figure 1. The

absence of discontinuities near B s 0 is due to our selection criterion.

The corresponding distributions of density changes and thermal speed

changes are also shown in Figure 1. The changes in n vexe <10% for less

than Y/.' ofl the Rscontitiuitie& This has implications concerning

some results presented recently by Ivanov (1970).
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Ivanov pointed out that in an anisotropic plasma, the hydromagnetic

equations allow the existance of a kind of discontinuity with the

following characteristics: 1) there is a mass flux through the surface,

2) the magnetic field intensity changes across the surface while the

density is the same on both sides of the surface, 3) there is a component

of B normal to the surface, and 4) the components of B parallel to the

surface are themselves parallel. He calls this a "rotational" discontinuity

but this term is misleading since the tangential component of B does not

rotate. In fact, it is moire like a 'shock" for whict n 1 =n2 in the sense that

it satisfies the coplanarity theorem and other shock equations.

Figure 1, shows that <5% of the discontinu ties 	 which are identified

in Pioneer 6 data satisfy the condition B 1 # B2 , n 1 = n2 necessary for

Ivanov's discontinuities. Thus, Ivanov's discontinuities occur infrequently

if at all.

_1W	 - ,
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IIL Slow Shocks

For a slow shock, the following condition • must be satisfied.

1) The measured 14 parameters, B 1 , BB	 V 1 , V^, n l and n2 must

satisfy the Rankine-Hugoniot equations.

2) The computed Alfven Mach numbers, MAsVn/VA 
ahead and behind

the shock must be both less than one, where V  is the component

of,11thet bulksvelocit* nurmat 1 to the shoskoEtoktoand imeanurad

in the shock frame of reference, and V A is the Alfven speed

based on the magnetic field component normal to the shock front.

3) The Mach numbers based on the slow mode of magnetosonic waves,

M slow -Vn 
A, 

slow' 
must be larger than 1 ahead of the shock and

less than 1 behind the shock; here Vslow is the speed of the

slow mode of the magnetosonic wave in the direction of the

shock normal. To compute Vslow' one must know the total

pressure of the plasma. Although this pressure is not measured

directly, it can be eZipiated from the conservation equations

for the normal momentum flux and the energy flux.

4) The computed electron temperatures ahead and behind the shock

should be reasonable, i.e., on the order of 1.5x105OK.

(Montgomery et al., 1970; Hundhausen and Montgomery, 1971).

Besides shoving that these conditions are satisfied, it is desirable

to show that the events do not satisfy the pressure balance condition for

tangential or rotational discontinuities.

A Reverse Slow Shock. Figure 2 shows a discontinuity which has

the signature of a reverse slow shock, namely, a discontinuous decrease

in n and T and a simultaneous increase in V and B. It was seen at

Pioneer 6 at 0109 UT on January 19, 1966. Using the procedure described

by Chao (1970), a set of 14 parameters was obtained (B 1 , ,B^, V1 , Ve , nl,

"Y	
..& 

7 •
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and n20 see Table 1) which

satisfy the Rankine-Hugoniot equations for an isotropic plasma and

which are close to the observed average values for the discontinuity.

We use here the RTN coordinates in which the R axis is out from the

sun and parallel to the sun-earth line, the T axis is in the direction

of the motion of the earth, the R-T plane is parallel to the ecliptic,and the

N-Axis tg - not=h"rd and, , peqrpandi,cu1ar to the ecliptdcVtUlse • "th'^Ortrtical"

vhltrew are-kiven . in, Table- 1 and arse shbvh i ty ► thE- sblid l lines irk 4itEme 2. They

dee toa be, ao"aared with cth;e observed valuee i-showP lIn Figure ; 2: f The close

agreement shows that the observed parameters and changes are consistent

with the Rankine-Hugoniot equations. Using the Raeakin*&*q oniot

equations, it is possible to solve for 3 of the 14 measured parameters

as a function of the remaining 11 (Chao and Olbert, 1970). In particular,

one can solve for V2 as a function of (B l , BQ , Vl , n l , n` ). Then, the

measured parameters B l , BQ , V l , n l and n2 are allowed to vary

independently within their uncertainties for computing the V
2 

values.

When the computed value of Ve is within the uncertainties of its measured

average value, then this computed value can be regarded as a prediction.

Table 2 compares the "predicted" and observed values of V
e

. The

agreement is gaud. :(See Figures 2 , and . (B /akab):

The velocity of the shock surface relative to the spacecraft was

found to be V8= (212,1,135)km/sec, corresponding to a speed 251/km/sec

A
and a shock normal n-(0.85, 0.01, 0.54)„ rt ia i	 to , . SpaCecratr

The angle, 9 B. n, between B1 and n was found to be 42
0
 as given in Table

3. Relative to the shock, the normal component of the flow velocity

decreased from 29 km/sec to 23 km/sec (See Table 3). The Mach numbers

MA and 
Mslow, 

ahead and behind the shock are given in Table 4. They

do satisfy the conditions for a slow shock, i.e. the flow is sub-alfvenir
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on both sides of the shock, it is super-slow ahead of the shock and it

is sub-slow behind the shock.

This discontinuity cannot be a tangential discontinuity with

T -T , for the pressure balance condition gives a negative electron
e l e2

temperature. Pressure balance would be achieved if the electron

temperature were 50% higher on side 2 than on side 1, but this is

unlikely.

We conclude that the discontinuity which passed Pioneer 6 at

0109 UT on January 19 1966, was a reverse slow shock.

A Forward Slow Shock.	 Figure 3 and 4 shows ao discontinuity

which has the signature of a forward slow shock, namely, an increase

in n, T and V and a decrease in B. 	 It was seen at Pioneer 6

att^1421 11.11 do January 20, 1966. -0,The observed paaametera

and changes are consistent with *he Rankine-Hugoniot equations, as

indicated by the	 agreement between the observed values and a

solution to the R-H equations found by Chao's procedure. The "predicted"

values of Vare in good agreement with the observed values (Table 2).

The shock normal, and speeds are given in Table 3, which also shows

V	 and V , the nounalpflow speeds vaelative fir dihie sh'6cku Note that
* 1	 * n2

V ii .o,V - as,. , indicating that the fluid was decelerated in the shock
n2	

n 
front. The Mach numbers, MA and Mslow' computed from the numbers in

Table 1, are shown in Table 4. They show the characteristics required

for a slow shock. Computed estimates of the electron temperatures are

also given in Table 4; it can only be said that they have the correct

order of magnitude.

All the available evidence suggests that the discontinuity in

Figures 3 .is a fsrwarirslow shock
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V. Electron Temperature

Many of the discontinuities which we found in our search for

shocks did not satisfy some of the necessary conditions for shocks, and

are thus probably tangential discontinuities or rotational discontinuities.

The pressure is constant across both tangential and rotational

discontinuities. This condition can be used to solve for the electron

temperature.

Measurements of the electron temperature near 1 AU, by Montgomery

et al. (1968), showed that T  remains in the range of 10 5 to 1.5 x 1050K

even though *.he proton temperature varies from 3 x 10 40K to 105oK.

These "direct" measurments are based on a fit to a segment of the

Maxwellian distribution. At low energies the spectrum is contaminated

by photoelectrons from the spacecraft and there is a non-Maxwellian

tail at high energies, so there is the possibility of some uncertainty

in the direct measurements.

An indirect method of measuring electron temperature, based on the

pressure balance at tangential discontinuities, was introduced by

Burlaga (1968), who found Ten 1050K. Although this is consistent with

the direct measurements it was based on preliminary proton temperatures

which were near the threshhold of the detector. Ogilvie and Ness (1969)

introduced another indirect method, which gives Te
/T ion ' however, they

did not give an electron temperature.

Since it is desirable to confirm the direct measurements by a method

which is not affected by the photo sheath or non-Maxwellian tail, we have

extended the method of Burlaga (1968), using the discontinuities that we

have found in the search for shocks.

PP.ECI^DJNG vPG

L B^, ^ ^,OT rlL;riLi^
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Pressure balance gives the following condition

B2 ?_

(E n ikT il + 8n )	 0	 (1)
1

We do not have measurements of alpha particles, but for an estimate of

the average electron temperature it is sufficient to use the average

values, na/np = . 045 and Ta/Tp = 2.5 (Hundhausen, 1968), since the

contribution of the alphas to the pressure is relatively small. The

measured proton tempera ture is that along the earth-sun line, Tr,

while the appropriate temperature in (1), T I , generally differs from

this value because of tL a proton anisotropy, T
11 1

/T X1 . 9 (Hundhausen,

1968). Since the discontinuity surfaces are usually along the spiral

direction 03urlaga, 1968), we may scat T r--l. 5T 1 • This leaves 2 unknowns,

Tel and Tel . As a zeroth approximation we assume that Tel&T 
e2'  

This

is consistent with the observations of Montgomery et al. (1968) which

show that the shape of the Maxwellian part of the spectrum does not

change appreciably with time. With Tel=T
e2

°Te , (1) then gives

2	 2	 2	 2
Te^Kx1^^3 	.044 (a

2w2 - n lwl ) + B2 - B1	
(2)

n  - n2	.0378(n1-n2)

where w is the most probable thermal speed w- 2kT m in km/sec, n is in

cm	 and B is in units of 10	 gauss . , Clearly, (2) is applicable

ohiy idieffftj i fa#^^ ank-thet-reSyli d^ acadntngfutisvntyi3fmtkeiugfettainty

Yti I Te i Is[ t1eleEtvelyigfnall'j Tr is relati^., 1) small.

The discontinuities for the majtutatduti of Te were selected from

the total set described in Section II by eliminating those which were

identified as shocks and those for which the uncertainty in T  was

large as a result of the accumulation of errors in (2). Our crit ion

if	 "` 7%
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for a large uncertainty is that . e determin,-.d from (2) with 
I A 

BI/B=.1,

IAn1'n-.2, and IATI /T-.3, is greater than .5 x 105 oK. Ttds left 31

dis continuities from which we obtained the distribution of electron

temperatures shown in F-gore 4a. The most probable value and the

average value are both 1.8 x 10 5oK. The width of the distribution is

probably statistical rather than real and due to the propagation of

errors in the many algebraic operations in (2). The half width at

half maximum 1050K gives a measure of the spread in Te . Since there

are 31 measurements of T e , the uncertainty of the average is +2 x 104OK.

Thus using the formal criterion I ATI <5x 104oK we obtain T 

(1.8 +.2) x 105oK. A more restrictive criterion for AT gives a somewhat

smaller value of Te.

The above method for estimating T  has 2 difficulties: 1) it

assumes that Tel = Te2' and 2) it is very sensitive to errors in

n, w, and B so that only a fraction of the discontinuities can be

used to calculate Te . As an alternative method, we assumed that Tel

105DK or 2 x 105oK and solved (1) for Te2 in each case. The resulting

distributions of Te2 are shown in Figure 0 and 4c. In both cases, the

median	 value of e2 (calculated) ;z:^ Tel (assumed), consistent

with our earlier assumption that the electron temperature usually does

not change across a discontinuity. As in Figure 4a, the spread in

the distributions is probably due to the propagation of errors. In

any case, the symmetry of the distributions in Figure U and 4c implies

that T  does not preferentially increase or decrease acrossthe

--W	 ' %
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discontinuities and the width of the distributions gives an upper

limit ; ( O'^I< 10 5OK , for the change in the temperature across a

discontinuity.

1
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V . Summary

	

We have searched through Pioneer 6 	 data for	 s 0 ': ' I	 ,q

reverse fast shocks, and forward and reverse slow shocks. No reverse

fast shocks were found. A reverse slow shock was identified; such a

	

shock has not been reported Heretofore.	 A forward slow shock was. -

also identified and ,vas found to be similar to the twa,,fourwLearly by

Chao and Olhert (1970).

Numerous (50) other discontinuities were found, most of which are

probably tangential since all of the plasma parameters (n, V, T) changed

across most of them. In particilar, changes in B were essentially

always accompanied by changes in n, which indicates that discontinuities

of the type suggested by Ivanov (with B2 /B1 #, n2 /n 1 = 1) seldom if

ever occur in the solar wind. More precisely, in a sample of discontinuities

in B from = 4 months of data from Pioneer 6, <5% were associated with

no density change, i.e., <5% were the type of discontinuities predicted

by Ivanov.

Assuming that the non-shock discontinuities were either tangential

or rotational and assuming no change in the electron temperature T 

across the discontinuities, one can use the pressure balance condition

to calculate Te . Using those discontinuities for which we could compute

reasonably accurate (+50%) values of T  we obtained an average

T  = (1.8+.2) x10 5oK from 31 of the discontinuities. This is in good

agreement with the directly measurements values.

V _."
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FIGURE CAPTIONS

Figure 1	 Distribution of B 1 /B2 , n l /n2 and wl /w2 for discontinuities

selected from Pioneer 6. The dip in the distribution

of B 1 /B2 is due to the selection procedure which eliminates

discontinuities with small changes in B. The n 1 /n2 distri-

bution indicates that discontinuous changes in B are

essentially always accompanied by changes in n. The

lowest histogram shows that the temperature (thermal

speed, w) tends to change also; it is not known to what

extent the width of this distribution is determined by

measurement uncertainties.

Figure 2	 Reverse slow shock of 19 January, 1966. Plasma and

magnetic field measurements are shown together with best

fits (solid lines) to the Rankine-Hugoniot equations,

I
determined by Chao's procedure.

Figure 3	 Forward slow shock (See Figure 2).

Figure 4	 Computed electron temperatures. a) Distribution of

temperatures computed from the pressure balance condition

on the assumption that Tel = Te2 = T  and the requirement

that AT  < 5x10 4OK. b) Distribution of temperatures

Te2 computed assuming that Tel = 10 5OK. c) Distribution

of temperatures T el computed assuming that Tel 
2-- 
2x1050K.
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