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Electron Heating at Interplanetary Shocks

W. C, Feldman, J. R. Asbridge, S. J. Bame, J. T. Gosling, and R. D. Zvickl

Abstract——

Data for 41 forward interplanetary shocks measured between August 1978 and

December 1979 show that the ratio of downstream to upstream electron

t(?UIpeL”i3tUret3t Te(d/u) is variable in the rangf? between 1.0 (isothermal) and

3.0. (h average, <Te(d/u)> = 1.5 with a stand~rd d~~iation, de = C1050 ~i~

ratio is less than the average ratio of proton temperatures across the same

shocks , <Tp(d/u)> = 3.3 with Up - 2.5 as well as the average ~atio of eleccron

temperatures across the earth’s bow shock. Individual aample~ of Te(d/u) and

Tp(d/u) appear to be weakly correlated with the number density ratio. However

the amounta of electron and proton heating are well correlated with each other

as well as with the bulk velocity difference acrosa each shock. The stronger

ahocka appear to heat the protons relatively more efficiently than they heat

the electrons.
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Introduction

Although extensive research has been devoted co the varioue

characteristics of interplanetary shocks, not much work hae been devoted to

their effectq on solar wind electrons. Early work based on data measured ualng

the Vela 4 plasma analyzers indicated a low efficiency for heating the ambient

plasma electrcns (Hundhausen et al., 1970; Hundhausen, 1970a). This result was

interpreted to be a consequence of che high solar wind thermal conductivity.

Any heating would therlbe quickly distributed over a large volume of plasma

thereby increasing the thermal energy per electron only slightly (Hundhausen

and Montomgery, 1971).

Most studies of solar xind electrons have been made ueing measurements.
.

from satellites in i~earearth orbit. The earth’s bow shock is known co preheat

the magn?tlcally connected upst:eam solar wind by variable amounts having an

average magnitude (Fe14man et al., 1973) of the order of that caused by

interplanetary

iS d~fficult

unperturbed by

shocks (Ilundhausen, 1970a; Hundhausen et al., 1970). Since lt

to isolate data measured from the~e orbit~ which ~re completely

the bOW ~hock, che early Vela 4 shock re~ults have not been

followed by more extensive nnd deeper st~ldles. This difficulty has been

ovcrcornc by the launch oi T.SEE3 whl.ch wns stutloncd for approxlmntely 4 years,

:Ibollr 106 km [lp~trenm of the cnt’th, Thlg orbJt waG ~ufflclently far upstream

cl)nt TSEE-3 was uHuclly not COnll(?CLCd mngnetlcfl.ly to tllc Cnrth’s how shock

(Feldmnn ct nl., 19H2).

Tills pllp~lm ~(?]lO~tH tlln I“~HUltR of a HLUdy of electron hentlng nt

Illrrrplnnctnry ~liock~ \IR1ngdnf.nmeasured wlrlI tlIrl,ORAlnm.)~ electron pla~ma

nllnlyzol”nbunrd TSEK 3. ATIIIlyslnI?rocodurcH nl’edPncI’Jhcd hl’lcfly in SectloII 2

mId I]IC I’CHIA1:II ~I)d COIICIIIRIUIIR111’cR~VCIl 111 ::cct.lonn 3 !llld ~1 lx?~p~ctlvcl.y.
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In the following presentation, a etandard natation is adopted. The

symbols N, V, and T will denote the proton density, bulk velocity and

numerically-integrated total temperature. Subscripts e and p on the

temperature refer to electrons and protons respectively. Parenthetical une of

the combinations (d/u) and (d-u) den~te the ratio of downstream to upstream

parameL rs and the difference between dowmcream and upetrean parameters

respectively.

2) Data and Analysis Procedure——

Details of che Los Alamos

operation modes have been published

ISEE-3 plasma analyzers along with their

elsewhere (Bame et al., 1979a). Ion and

electron plasma data meaaured between August 1978 and December 1979 were used

in the present study. Fluid parameters were calculated by integrating

numerically over that portion of the ion count-rate distribution dominated by

protons and over the electron veloc~ty distribution between about 10 eV and i

keV.

A list of poeaible shocks passing ISEE 3 between 18 August 197S and 1

January 1980 was prepared using the ion data in conjllnctlon wlch rncgnetic field

data (for a deecrlption of the magnetometer Bee Frandsen et al., 1979).

Forward ehocke were l.dentified bJ abrupt Increases in bulk vel.oclty, number

denelty, p~oton temperature and ma8netic field ~trength. The 41 events w the

limt which hnrl the unarnblguoun algnnture of n forward shock and no darn gap at

shock paaaage, cnmprimcd the base for the present study. Number dans,ltleo,

bulk vclocltle~ and totnl proton temperature determined uelng the ion dmta, as

well aa totnl electron temperatures dete~n.incd from the electron dnta, were

nvernged over an approximately 5 mln Interval upstream and down~tream of ORCh

~hock nnd tllbulatcd. ‘t’heret+ultaof an analynj,a of thene parametor6 la glvan

next.
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3) Experiment Results-—

a) Stacistic~

The baaic fluid parameters averagd over up~tream conditions just ahead of

these 41 shocks are given in Table 1. They do not differ greatly from similar

parameters averaged over all solar wind conditions observed between 1971 and

1976 (Feldman et al. 1977).

The statistics of particle heating at these

2. Inspection shows that this set of shocks 1s on

earth’s bow shock. Whereas <N(d/u)> = 1.9 and

set,

they are -3 and -100 km s‘1 respectively for

e.g. Hundhausen, ‘1970b; Montgomery et al., 1970;

shocks are collected in Table

the average weaker than the

<V(d-u)> - 76 km s-l for this

:he earth’s bow shock (see
b

Scudder er al., 1973; Bame et

al., 1979b). Electron heating nt these interplanetary shocks is also weaker

than at the bow shock. on average <’I’e(d/u)>. 1.5 with a standard deviation of

G.5 as compared to <Te(d/u)> = .1fur the earth’s bow shock (Hundhausen, 1970b ;

Scudder et al., 1973; Bame et nl., 1979h). The electron heating Rt rhese

shock~ .1s J],so ;.ens th~n the proton llentLng averaged over the some shocks .

ThltJ fnc.t 1s dcmonecrnced by comparing the rown In Table 7 giving the

R:fLKLHt[cH for ‘re(d/tl)and Tc((l-u), With tho~e Rlvlng Tp(rl/u) nnd Tp(d-u),

l’PH]l(!CtlvC]y- ThlH t-csult lH tIIH() slmllar to thi~tobtnlncd nt ~l~ecurtll’s how

~l~t)[”k(Montk,omcry ct il~., 1970).

h) IJillmnmcterCorrelntlons-—-—-——.-

‘1’llcnHR(~r[nLlone of electron and pr~~~on ‘icntlngw[th enc.h other n~ well as

WI tlh t II(*(l[’lll\l,ty nnd Vt?loclty chnn}~c~ nK ll~tr~-plnnotnry~liockN cnn hcNt he

dl~plnyod by nchctor plotn of pnl,rMof pnrnmrtut’N. Slllcc thr r~ltlt).jf numhcr

drnHILy mt’nf411r(’d .]UIJL tlc)WI’IFIttTilliI It) that ju~t upHLL’unm, N(d/u), III n mcnH\l)’c of

I11~’~{l~o[ikIIII“v II}:l:h? W(? CXP1OI’[” [II-FL !Iow W[’11 lL ol”d{~r~Lllcdill-n. If pIII:L~c~c
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shocks obey8 a polytrope law then In[T(d/u)] =

the ratio of specific heats. Such a law is used

sometimes as a guide for interpreting theoretical simulations of collisionleus

&hocks (see e.g. Forslund et nl., 1982) and has been found useful for

organizing data showing electron heating across high speed scream interaction

zones at lAU (Feldman et al., 1978). The averagza listed in Table 7,would then

provide estimates of y for electron and proton heating separately, (ye - 1) =

0.6 and (YP - 1) - 1.90

p1Gt6 Gf the ratio of upstream to downstream electron and proton

temperatures, Te(d/u) and Tp(d/u), respectively, agains: the ratio of proton

numLer density, N(d/u), are given in Figure 1. The solld lines represent
d

polytrope laws having y = 5/3, 2 and 3 representing adlabacic heating in 3, 2,

and 1 dimenf,ions, rcsp ‘ctively. Inspection of the plots shows only weak

posltlve correlations between either temperature ratio and the number density

raclo. It also shows that a polytrope law doee not dencribe adequately the

parametric dapendences of particle heating nt interplanetary shocks. This

conclusion is reinforced by examining the slopen, m, y intercepts, b, nnd

correlntlon coeiflcients, r, of the ].inear regreCfi10n6 beuween ~n[Te(d/u)] and

In[N(d/iI)] and between ~ll[Tp(d/u)] at}d ~n[N(d/u)] llsted in Tnble 30 Not only

arc both corrclntlon coefficients Low, r - 0.5, but tiley l;ltercepts are

nunzcro nnd the slopes differ Bubstnntlnlly from thonc cstlmatcd from the

nvcrnwH glvcn in Table 2.

Electron nnd proton heutlng nrc more ntrongly correlated wlr.h ench other

ns WC1l UH w.t.rhCIICdl.ffercncc in hulk vcloclty ncrou~ the shocks, V(d-u), then

tht!y llre WJth Lho dcnsJ.ty jump ucroau the Ehockn. Scatter plot~ ~howlng the

corrcl.nt,lonbctwnon rlectrol nnd proton hcntln% nrc ~hown in Flgurce 2 and 3.

Ilotll tumpt’rnturc l-;ltloilllrltcrnpcrnturc dlffcrcncc corrclntlonn nre roughly
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equal, r = 0.75 and 0.72 respectively. Although these correlation are

significantly better than those between lnT and MN, the data in Figures 2 and

3 show aubatantial scatter. Comparison of the data with the solid linee, which

represent equal fractional heating in fi[.ure 2 and equal amounts of heating in

figure 3, shows that interplarletary shocks heat the pzotons more than they heat

the eleccons. This condition holds true also for the earth’a bow shock

(Montgomery et al., 1970).

Electron and proton heating at interplanetary

with the difference in bulk velocity across

difference la alao a meaaure of shock strength aa

shocks are best correlated

the ahocha. This velcc+.ty

defined by the ratio of

downatreem to upstream densities, N(d/u). This fact is evident by the good
,

correlation becwe~n V(d-u) and N(d/u) shown in Figure 4. The parameters of the

lineirr regression are given in tl~efifth row of Table 3 showing r = 0.82.

Scntter plots showing the correlatlona between

aa between Tp(d-u) ar,dV(d-u) are shown in Figures 5

the respective llnear regreaslrms are given in

Te(d-u) and V(d-u) aa well

and 6. The parameters of

rows 6 and 7 of Table 3.

Althouf,llnot shown here s P1.~tsof Te(d/u) aHalnst V(d-u) and of Tp(d/u) against

V(ci-11) snow similar correlations. An important property of these correl~tion~;

1:;thnt the ~hocka having the larger veloclty differences are relatively more

(*ffc(’tI,vc in hcatlng proton~ than they are l.nheating electrons. This effect

cnn bc scel~hy c~mpn~”ln~ Flgurcs 5 and 6 and 1~ qllnntlfled in tilelnHL 2 r.,wfi

()f Tfrl)l.o3. Spcclflcrrlly the slope for the Correlnt!.on bctwecu ~.nTp(d/u) nnd

!nV(d-~1)lH lnrRcr tllnn that for che correlntlon hct.wccll RnTe(fi/tl) nnd

?.llv(c!-u).
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4) Summary and Conclusions— —.

Changes

interplanetary

were measured

following main

change by a

in proton and electron fluid parameters at 41 fo~:ard

shocks observed at ISEE 3 between August 1973 and December 1979

in order to determine the syscematics of electron l.~ating. The

results were found. On the average, electron temperatures

factor of 1.5 wh’:h js less than the factor of 3.3 measured for

protons. Although electron heating is positively correlated with shock

strength, a polytrope law does not provide an adequate representation of the

correspondence between the measured ratios of downstream to upstream

temperatures and densities. This result holds for protons as well. Finally,

the amount of electron and proton heating seems to correlate best with che
●

differences in bulk velocity at these shocks. However, the stronger shocks

heat the protons relatively more than they heat the electrms,

Detailed comparisons between the foregoing results and the riany theories

of particle hearing ac collisionless shocks 1.s not possible since these

thecrles depend importantly on parameters

present ~tudy . Specifically they depend

Fressure to rnagnetlc field pr128EUL”~), the

the Mach number, iind the conductivity

wlllch were not included in chs

on the ~.ipstreamP (ratio of particle

shock-nomal-magnetic field nngle,

of both the upstream-ambient,

downstream-shi)cked plasmas. However (,lectron hentlng at a large set

interplanetary shoclw 1s rcportcul here for the first time. Compnrlson o~

and

of

the

~.len~uredheattng with the y = 2 lln~ in Figure 1 lndlcnten that lf such heating

lFJ confined to two dlmeneions as many :heorles predict (see e.g. ‘lYdman and

Krnll, 1971; h~mwn~ nnc! (%ry, 1978; Forflluncl et R1., 1982), then bent

conduction munt he nn important electr’m coollng mcchnnlam. Tbls conclusion 1s

connlstent vlth thnt reached previously (Ilundhnuaen nnd Moncgornery, 1971).

F’lllnlly, the rclnr.lvc].ylarger efficiency for hentlng pructin~ nt the ❑tronger
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and Shonk, 1970; Auer et al., 1971;

no evidence for such reflection has
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with theories of ion reflection (Forslund

Leroy and Goodrich, 1982) although to date,

been found (Gosling et al., 1983).

lack of evidence may indicate that few if any of the interplanetary

observed at ISFE-3 were supercritical.

Acknowledpents

This work was supported in par: by the National Aeronautic and

This

shocks

Space

Administration and was carried out under the auspices of the U.S. Department of

Energy.

.



-9-

Reference8

Auer, P. L., R. W. Kilb, and W. F. Crevier, Thermalization in the earth’s bow

shock, J. Geophys. Res., @ 2927, 19;1.

Bame, S. J., J. R. ~sbridge, R. E. Felthauser, J. P. Glore, H. L. Hawk, ant.J.

Chavez, ISEE-C Solar wind plasma experiment, IEEE Trans. Geosci. Electron.,

GE-16, 160, 1979a.

Bame, S. J., J. R. Asbridge, J. T, Gosling, M. Halbig, G. Paschmann, N.

Sckopke, and H. Rosenbauer, High temporal resolutio~, observations of electron

heating at the bow shock, Space Sci. Rev., ~, 75, 1979b.

Feldman, W. C., J. R. Asbridge, S. J. Bame, and M. D. Montgomery, Sclar wind

heat transport In che vic:nity of the earrh’s bow shock, J. Geophys. “Res.,~,

3697, 1973.

Feldman, W. C., J. R. Asbridge, S. J. 3ame, and J. T. Gosling, P?.asma and

magnetic fields from the sun, in “The Solar Outp~ and its Variation,” 0. R.

White, cd., Colorado A8soc., Univ. Pre8B, Bculder, p. 351, 1977.

Feldman, W. C., J. R. Asbridge, S. J. Bnme, J. T. Gosling, and D. !;.Lemons,

Electron heating within inter~ction zones of simple high-speed solar wind

streams, J. Geophys. Res., Q, 5297, 1978



-1o-

Feldman, W. C., R. C. Ander Jon, J. R. Asbridge, S. J. Bame, J. T. GosMng and

R. D. Zwickl, Plasma electron signature of magnetic connection to the earth’s

bow shock: ISEE3, J. Geophys. Res., ~, 632, 1982.

Foralund, D. W., and C. R. Shonk, Formation and structure of

collisionless

Forslund, D.

shocks, Phys. Rev. letters, 2&, 1699, 1970

W K.●B Quest, J. d. Brackbill, and K. Lee,

dissipation in quasi-perpendicular shocks, submitted to Geo~hys.

1982

Frandsen, A. M. A., B. V. Connor, J. Van Amersfoort,6 and E. J.

electrostatic

Collisionless

Res. Lett.,

Smith, ISEE-C

vector heiium magnetometer, IEEE Trans. Geosci. Electron., GE-16, 195, 1979.

Gosling, J. T., S. J. Bame, W. C. Feldman, G. Paschmann, N. Sckopkep and C. T.

RuLSell, Suprathermal ions upstream from interplanetary shocks, submitted to J.

Geophys. Res., 1983

Hundhausen, A. J., Shock Waves in the Solar Wind, in “particles and Fields In

the Magentosphere,” B. M. McCormac, cd., D. Reldel, Dordrecht-Holland, p. 79,

1970a.

Hundhawen, A. J., Plasma measurements acro6s the bow shock and in the

magenrosheach, in “Intercorrelated Satellite Observations Related to Solar

Events, : V. Manno and D. E. Page, eds., D. Reldel, Dordrecht-Holland, p. 155,

1970b.



-11-

Hundhausen, A. J., S. J. ?)ame, and M. D. Montgomery, An observation of the

February 26, 1969 interplanetary shock wave, in “Intercorrelated Satellite

Observations R-1aced to Solar Events,: 7. Manno and D. E. Page, eds., D.

Reidel, Dordrecht-Holland, p. 567, 197.0.

Hundhausen, A. J., and M. D. Montgomery, Heat conduction and nonsteady

phenomena in the solar wind, J. Geophys. Res., ~, 2236, 1971.

Lemons, D. S., “and S. P. Gary, Current-driven Instahilitie.z in a laminer

perpendicular shock, J. Geophys. Res., Q, 1625, 1978.

Leroy, M. M., D. Winske, C. C.

structure of perpendicular bow

Goodrich, C. S. Wu, and’ K. Papadopoulos, The

shocks, J. Geophys. Reg., ~, 5081, 1982.

Montgomery, M. D., J. R. Asbridge, and

near the earth’s bow shock, J. Geophys.

S. J. Bame, Vela 4 plasma observations

Reg., 75, 1217, 1970

Scudder, J. D., D. L. Lind, and K. W. Ogilvie, Electron observations in the

solar wind and magnetosh[!ath, J. Geophys. Res., ~, 6535, 1973

Tidman, D. A., and N. A. Krall, “Shock Waves in Colllslonlesa ?lasmas,”

Wiley-Inrerscience, New Yorkp 1971.



-12-

Table

Solar Wind Fluid Parameters Averaged Over

Observed Between August 1978 and December

1

Coudicions Upstream of the 41 Shocks

1979

Parameters UrI.td AEE#E Standard Deviation.—

N cm-3 lC.9

v km s-l 391

‘P
195K 0.71

I’e 105K 1.4

Te/Tp --- 2.9

.

?leflnir.Lena of the above symbole are a~ follows: N

the bulk velocity, Tp is the numerically integrated

and Te 1s the nurnerlcally-integrated total electron

11.2

87

0.58

0.5

1.4

,

is the pr~ton denalty, V iEI

total proton Temperature

temperature.
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Table 2

Scatlscics of Particle Heating at 41 Interplanetary Shocks Observed Between

August 1978 and December 1979

Parameter Unite

N(d/u) ---

V(d-u) km S-l

Te(d/u) ----

Te(d-u) ~~5K

Tp(d/u) ---

Tp(d-u) 105K

AveraRe

1,19

76

1.5

0.8

3.3

1.6

Standard

Deviation Low 5%—— High 5%

0.6 1.2 3.1

53 17 225

0.5 1.0 2.5

0.9 ● 0.0 2.7

2.3 ?.3 10.0

2.2 0.1 9.2

Deflnitlona of the above symbols are aa followc: N 1s the proton denai.ty, V is

the bulk veloclcy, Te ~s the numerically-integrated total electron temperature,

and Tp is the numerically integrated proton temperature. The deaignatlon (d/u)

refers to the ratio of parameter~ wapured -justdownstream to chat mensured

just upatrenm of each shock and (d-u) referH to chc difference of thcec

pat~meters. The cntrien in the ltist two columu~ glvc the second lowent nnd

second hl~hcst parameter va].ues from the full set of 41 Rhocka.
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Table 3

Correlations Between Pairs of Fluid Parameters at 4! interplanetary Shocks

Observed Between August 1978 and December 1979

Y=mX+b

Y Parameter (hits X Parameter Units

In Te(d/u) --- In N(d/uJ ---

In Tp(d/u) --- In N(d/u) ---

Te (d/u) --- Tp (d/u) ---

Te (d-) 105K Tp (d-u) 105K

V(d-u) km S-l N(d/u) ----

Te(d-u) ]05K V(d-u’ km 8-1

Tp(d-u) 105K V(O.II) km S-l

In Te(d/u) --- ~.nV(d-u) km E-l

tn Tp(d/u) --- In V(d-u) km e-l

Deflnltlons of LIM! nbovc ~ymhols nrc as IU11OWB: N

th? I)lllkVC~OCltyj Te lR the nurncrlcnlly lnte~rntcd

-1

0.27

1.23

0.14

iL29

74.6

0.015

0.035

0.31

0.70

b

0.16

0.22

1.03

oc~l

-69.0

-0.36

-1.06

-0.94

-1.87

r

0.51

0.53

0.75

0.72

0.82

0.89

0.83

0.76

0.73
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Figure Captions

Figure 1. Scatter plots of the ratio of downstream to upstream proton

temperature (above) and electron temperatures (I)elow) against the ratio of

downstream to upstream proton number density for 41 forward interplanetary

shocks obczrved at ISEE 3 between Auguec 1978 and December 1979. The solid

lines ~epreaent polytrope lawa with ratios of apeclfic heats, y = 2, 2 and 5/3.

Figure 2. A scatter plot showing the correlation between the ratios of

downstream to upstream electron and proton temperatures at 41 forward

Interplanetary chocks obocrved at ISI?E 3 betw[:en August” 1978 and December 1979.
.

The solid llne represent cqu~l rtition of down~tretim to upstream electron and

proton temperatures.

Figure 3. A ncnt~er plot showing the correltitlon hetwccn the nmounta of

electron nnd proton heating at 41 forwnrd lncerplnnctnry Hhocka obtiorvod at

ISEH 3 between AuRu~t 197H and Decemhcr 1979. TIIC ~tllld I]nc! reprc~cntm equal

~lcctron {Indproton hentlng.
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Figure 6. A scetter plot showing the correlation between the amount of proton

heating and velocity difference at 41 forward interplanetary shock~ obmerved at

ISEE 3 between August 1978 and December 1979.
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