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I. Introduction

45 & result of processing the experimenisal data on pleasma
t_sctron component obiained on-~bosrd the "Msrs-3" space vehlcle
I V5711972 a radial dependence of the electron mean tempera-

ra in the 80lar wind at distances frowm 1 t0 1,5 a.u. was de~

r, 1 . . s s )
temnmaned [ 1: . A considerable part of the results on electren
Lt P
Temperaturs vTé , rublished earlier, was obfained by means

-

S the gmerican Earth satellites Vela, OGO, IMP 2-4 , 1.e.
et neliocentric distances I’ ~ 1 a.u. The solar corona tempe-
rzture data are also availeble. liowever, the data on the tem-
cerature radial distripution in the region nearest to the oun,
in which the coronal plesma transforms into the solar wind

ere not available, as well as the data on 746 measurements
&t the heliocentric distances /I differed from 1 a.u. have
not been published up to the present.

The many theoretical models of the solar wind [5-7] are
the result of the attempts to select the most essential phy-
sical processeg occuring during the solar corona expansion
and to evaluate theif influence on the radiasl distribution
f the solar wind parameters. However, a reasonable agreement

of the model with the data on the characteristics of plesma



%
in the solar corona base and near the Earth's orbit can be
reached by not a single way using the different assumptions
on the physical processes in the solar wind; and for & choice
(or creation) of the theoreticel model corresponding to the
main chéracﬁeristics of the resl solar wind, ithe direct mea-
surements of thesge characteristics at different distances from
the Sun ere reguired 15-7} . In particulsr, it is important
to know the radial distribution of e , since in the solisr
wind the heet transfer by the convection and heat conduction

is besically determined by electrons.

o]

The main purpose of the present paper is a brief review

of some available models for the solar wind, the descriptilon

of the plasme electron component experiment carried out on~
-board the "Mars~3" and the comparison 0f the obtained resulta
with the evailable models ¢f the solar wind. In so doing re-
viewing the éolar wind models, we restrict ourselves 1o the sta-
tionary itwo~fluid models keeping in mind the possibility of com-~
parigon of the obiained radial dependence of mean eleciron tem-
perature with the calculated one since rfg #:Jff {6;

in the real solar wind, that does not correspond t¢ the one-
filuid models.

I1._Electron temperature radiali distribution

in some solar wind models

The model by P.A. Sturrock and R.E. Hartle {8, 93 was
the first proposed solar wind model that considered the solar
corona expansion in the iwo-fluid approximation. They have

Lot
paid attention to the fuct that?%@fffsional processes tc¢ ba-

lance p electronm and . +p proton temperatures it 1s neceg-

sary that the characteristic time 0f enexgy exchange between
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o~ v 2 2/3 . -
electrons ana protoms 1, < 2.56 «10 7} /A'fd

should be much less than that of the soclar wind eXxpansion

~ - IO fooor

7 ~ . . .

Lexp = i i dr/ = Zv , wWhere vV is & ra-

dial component of tie solar W1nd §§1001ty, i) is ion or
S{KT)

proton concentration; 57 L27%@gs 32] 20 is a Coulomb

logarithm; K is a Boltzmann constant; £ is an eleci-

ron charge. with the mean values of the solar wind parameter

n =17 cmﬂB, V = 41u lﬁm.sec."1 in the Earth's vicini-
ty [6} it is necessary that 7} should be much less
than -~ 2x1@30K for the condition of electron and proton
thermal equilibrium to be fulfilled, but it obviously does not
take place.

For the stationary spherically symnetrical expansion of
the solar corona P.A. Sturrock and R.E. Hartle numerically
solved the following set of the equations neglecting the vis-
cesity and the magnetic field influence

the continuity equation

nvri= 7y = const

9 ! (1)
the equation of motion
av d r GMo msn
. —_—— m T Py ’T”U_ (0] °
nmeV 5 =dr o  Te+ o)l - =t (2)

and heat balance equation for electrons and protons

dTe dn 4 d 2, dTey 3
g nKv d,f ~k o Vgr “ PRt ke g7 ;’Z‘ZQEf?K/E%}B)
3 aT dn 1 d , 2, dlr3
2 Ny yznﬁ -k ToVgr ~ pEgr il % df,}‘z’)fm(/t'm(ﬂf)

whe re KE and Kp are the electron and proton heat
conductions; VE ig & velocity of energy exchange between
electrons and protons; /%p. 1B a proton mess; #iﬁ;’ is

a full flux of elecirons or protong from the Sun;
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Bi{= R67<0 dé/fz om” ;;J ’) is a gravitational con-
43

stant; M@ !f: 799 = 0 E/) is the solar mass, Heat con-

ductions and the velocity of energy exchange were t%ﬁen in the
v 4i2T) ne “
e T3(m, )Rk V%
mt T 2 w
NK e K £’f7?e LT 2yt
3BT = J ? LA e 2

following form:

Tea» o e s were prescribed as the boundary

i

conditions at the fixed distance r =?”0 sy i.e, the re-

quirements for the solution to be passed through the criticel

point and also /g — O , T — ) with r o—= oo
With the choice of T,, = Tpo =2 0’ and
n,=310 cm ? at 7 =7, (the solar radius) a cri-

tical point of the solution was obtained with 7= 7 1 75 .
T@ iff’) and T !/r») dependences obtained in [97

under such boundary conditions are presented in Fig. 1. In

the Earth's orblt vicinity (7’ Re =15+ 10 Km ?/ff@ )
Tg 34x10° %, Ty=ayxi0? ok v =250 km sec™

=15 Cmaﬁ » The temperature radial dependence in this mo-
del with /7= /?e can be described by thée power law with
the following exponents: Te ~r 2/7; 7:0”’?'5"’ /?,,
R.E, Hartle and A. Barnes {4 1} tried to eliminate the
divergence between the very high Tp values and the
TP low values and the V values in the Larth's
viciniiy obtained in the model of L9J with the experimental
magnitudes of 1p =73* fO )k . 7;02 4bx10°
in the quiet solar wind with V & 350 km.secm1 [6] by
meane of the introduction into Egs. (3, 4) 936 y @p
terms which describe the additional collisionless {u_ay; neai-
ing. They took 7,5 =75 » 10° % ; 7;30 =12x10° %k
T = 15 foﬁ om -3 with = ZFQ gs the boundorey
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conditions, that have been obtained at this distance in the
moede 1 Eﬁj « The terms describing the heat sources were
taken in the following form:

=0, B =D,(%n,)exp (7, ~a2)°/8%] )

Ve = R ¥

wheve 1, , 1 b are the parametiers describing

the intensity, the position and the heating source width, res-

pectively, In Fig. 2 the golid lines show 7:0 /:"’) de pend-

ences calculated with & =2 , b =22 s ﬂa=6xf0~9 and
-3

a=2 b =26 , D, = 3x10 . The dotted lines of
this Figure correspond to /e (r) and 770 /7’) depend-
ences taken from [3] . Z (7“) dependence in [:‘HJ is

cloge to that obtained in [9} and is not shown in Fig. 2.
t is seen from Fig. 2 thaet in the vicinity of the Earth's or-

ey

bit eia [!‘f} in this model [11] noticeably exceeds
of 9 but as well as in [9] ,

J.V. Hollweg [‘32] congidered the solar wind model where
Alfven waves propageting from the Sun along the spiral inter-
planetary magnetic field are the additional source of energy.

The direct acceleration of the solar wind by these waves is

3 N , d (JB°
described by an addition term of ‘Eq. (2) ~ 72 'y

|

whe re JkB 2 is a mean square amplitude of fluctuations
of the interplanetary magnetic field B. Near and far from the
Sun waves do not practically decay snd their propagation is
described under VKB -approximation. In the intermediate
region it 1s agsumed that due to the Londau non-linear decay-
ing the limitation of the level of the fluctuations 5’82/52
occurs ( = 1/2 a8 it is sometimes observed in the solar wind
at 1,0 a,u., 13 ). Based oOn this assumption and supposing

GPP =  an wdditionzl sourse of ion neating gbﬁ can
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be ecmlcuisted in the region considered. Also, {12} analyzes
the decrease of the radiaml component of heat flux due te elect-
ron thermoconductivity becrugse of increasing of "a spiral
augle” Y be tween ég -yector and radius-vector { Kg =

= Kg ﬂ60§2¥# in Bo. (3)). Pig. 3 gives the radial de-
pendence of 7;wfr§ and '?; frﬁ calculated in J,.V.Hol-

lweg's aodeld 5323 under tne fullowing boundary conditions:
3 P

at . Fs 20, 0 N, =18~ 0" e §1P@-ff}x¢[’ %,

?}G = ﬁ5?iﬁé gK . The energy flux density values of Alfve
waves at Ya=p for the dependences given above are the
following: 068« %? Hrg om 59@&4 {(solid curves);

/?*‘ﬂjﬂ?fﬂ om € sec 1 (long dotted lines) and

2 4 x 0" pfﬁ om é?F - {ghort dotted lines). The inﬁszeﬂ
peculiarity of / éff? dependence is that in the Earth's
vieinity 7} decreases much more slower then fmtéyz
gince the spiral magnetic field attempts 1o "lock™ the elect-
ron thermal flux. The increase of the energy flux of Alfven
waves leads to growing of vV end, therefore, to decreasing
of & "epiral angle® v/ and "locking" the eleciron heat
flux; the decrease rete of :rg at 1 a.u. increases in this
case {see Fig. 3.

The application 0f magnetohydrodynamical waves of the
solar origin is not the only way to heat protons and increasge
the solar wind velocity in comparison with the calculation re-
sults in f9j . A.J. Handhsuser 14 suggested that the well
agreement between the theory and the experiment camn bLe obtaine
it K electron thermoconduction is decreased as compared
to ite claseical value {Bee, €e.g. [10} ) and if the heat

interaction beiween the electron and proton componeuts of ths

,ﬁ
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gsolar wind is simultaneously enhanced.
The empirical constant factors &£ /3 c)/ de~-
fining the velues K = Ky Kp =BKp, VE = r\)
were introduced into the set of Egs. (1) ~ (4)
for the two-fluid model of the solar wind (in {15-16} e
Fig. 4 shows the solar wind models calculated in ﬁé] under
the following boundary conditions at T =T, ° ieo ~7;>0—
=7 03"7’06 °k n =10 ’ om - . The curves marked with
number 1 were calculated with the classical values of the
transport coefficients, with number 2 done with L =025 s
/3:{ s 3’ = 30 and number 3 with £ =018 , /3 =23 ,
J:i . It is seen from this Figure that the modification
mentioned above of the trangport coefficients leads to simul-
taneous increasing of 7;5 and decreasing Te as com=~
pared with the model of [9] . The fall rate of /e (T)  aiso
increases at 7=/ a.u. Tg ~rT with m=06 .

The two-fluid model of the solar wind with taking into
account of the influence of the magnetic field and a viscosity
on the solar corona éxpansion hag been considered by C.L.Wolf,
J.C. Brandt, R.G. Southwick [17] . The introducing of the vis-
cogity into the equation allows to avoid the singularity in
a critical point used in the models considered earlier. In
f’!?] the thermoconduction decrease is provided by the factor

'r I 2
( /re) cos ‘;V taking into account the influence

of the magnetic field “spiral angle" growth and the thermocon-
duction coefficient diminution. The coefficient /0 was con-
sidered as a free parameter for the model to be better suit-
able to the experimental datas. Fig. 5 gives the calculated

dependence Te[l”} s Tp[f‘) in the model [17] obtained with
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p=-0728 | 11 tnis case in the Earth's orbit the

electron thermoconduction decreases by 50 times as compared

to tuhe classical one. The calculeted parumeters of the solar
wind on the Barth's orbit: V=303 xm '590_{, Te =?03K/03°K ,
7;9 = 4}(/01/ °k , I =9cm ™3 are in rather good agreement
with their values in the quiet solar wind. As it is seen from
Fig. 5 in the karth's vicinity 7} /77 decays essentially

-2/7 -1
raster than r / (approximately Tg ~ ).

III. The experiment description and the "Mars-3"

measurement results of the solar wind plasma

electron component

At the Barth-liarse flight trajectory of the "“llars-3"

space vehicle the measurements of a plasma elevctron component
were carried out by means of an integral electron trap. The
principal gcheme and the main geometric dimensions of the
trap used are shown in Fig. 6. As it is secen from this PFigure
the electron trap has four electrodes: the analyzing interval
is formed by two spherical grids 3-4 and two electrically con-
nected flat grids 5 serve as an electirostatical screen. The
trap collector is flat. the curves for electron deceleration
are determined over 14 readings (for each curve) of the collect-
or current I@ registered by the instrument [55*/0_/3& <
< Ie < 155 "/09 Q) when retarding potential

[ O % E, ¢ 400 V) is applied to the analyzing grids
3-4. Almost throughout the flight trajectory the retardation
curves were obtained for about 50 sec every 20 min. The in-.
strument sensitivity for the isotropic electron flux taking

into account the charucteristics of the trap, the asmplifier
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and tne telemetry system was about Oaﬁxiﬁg Cm
Ou board the "Mers-3" the electron t:ia: wes installied &t

thie non-sunlit side ¢f tne veunicle with i +x distance from ter-

minator > 302 cmy ite axis was oriented in the apnti-solar

i . . ] N 4 . . e
directiva withap +1°. The electron temverature deterninatlion

frum & retardation curve was performed by means 0f cnoosing

the calculoted retardation curveg that are the clusest to those

registered frowm this vehicle, Yhe calculiasted curve was comput=-

ed ugiog the results of the laboratery test 0f a seusor in
guagi-energevical beams of ions Ar' under the assumption of
the Maxweli isotropic distribution of clectrons in the coordi-
nate system moving with the plasma transport veloclty V
. = 450 km.sec.“‘;, The variation of V from 30u gm.sec.
1o 600 km,s;c”i wiil lead %0 an error of the order of about
9% appearing in the process of Tf determination. The ex-
periment design is described in detail in [16] and the tecu-
nigque of processing and the estimation of accuracy of the re-
sults obtained are dome in [19] .
The systematical determination of the solar wind charac-
teristics from the various space venicies ( \ s n R 7} .
— : L
?} R B ) showed the existence of the significant varia-
tions of the parsmeters mentioned (see, e.g., review [20] Je
In this case though some peculiarities in the variation of
the solar wind parameters associated with the existence of
long~-lived fluxes are on from one solar rotation to another
the significant change of the amplitude and the form of these
repeated events occufs but some of them do not repeate at all

[z20] .

Fig. 7 shows the averaged (over 3-hour intervals) values

mj N . \.’-3
+.SEC. s 8terad

®
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of 7} obtained from the "Mars-3" measurement data during
the three secceséive rotations of the Sun. It is seen from
this Figure that some peculiarities in eleciron temperature
remain during two rotations, at leagt. Hence, to limit the
effects associated wlth th2 Sun's rotation in determining

7} /r) the measurement results were averaged over
~-time ( ~ 27 days, the Sun's rotation). Such an averaging al-
lows to get rid of tue temperature variatione having the cha-
racteristic times £ T , i.e, to single out the slowly
changing part of 7} {the analog of low-frequency filtering
in radiocengineering). The similar averaging was also used in
determining the radial dependences 317i> . by P.J. Coleman
et al. [21] and 'Qf /r) by M., Neugebauer and C.W. Sny-
der [22] .

Fig. 8 gives histograms of 7; for the periods of the

measureﬁents corresponding tc the Sun's rotations N 1887
and 1893 when the "Mars-3" was on an average at distances

6 km and 220x106 km, from the Sun respectively. It is

168x10
seen from the Figure that when the space vehicle removes from
the Sun the decreuse of the averaged (over the Sun's rotation)
temperature of electrons 72 and the shift to the lower
values of the most probable magnitude of electron temperature

TEN7 take place for the same Sun's rotation. The time
dependence of heliocentric distance to the "Mars-3" at the
flighf trajectory is given in Fig. 9.

Fig. 10 presents on a bilogarithmic scale 7} values
depending on r ~heliocentric distance to the "Mars-3" in
the middle of the g data array available (end used) for
the Sun's rotations from N 1886 to 1893 (except the rotation

N 1892 at which the comparatively small amount of the measure-
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ments of e wag obtained only at the beginning and at
the end of the appropriate period). The dashed lines on the
space vehicle trajectory shown in Fig. 9 single out tne time
intervals adequate with the Sun's rotetions mentioned above
end the circles on these intervels give the used values of
F . The index /M and Te value at 1.0 s.u. can be
defined by the leeast square method under the assumption of the
exponential dependence T /7") Te /’ee)[ J) according
to the points plotted in Fig. 10, In doing this the "width"
of the hystogrem of Te -values for one solar rotation end
the number of single Te -messurements during this periocd
were approximately taken into account by introducing of an op~
timized sum of squared "weight" values into each term; the sum
being proportional to NJ X(z /72’4 Te) ) s Where Nj
is the number of measurements for the [ -th rotation of
the Sun. In this respect the following empiricel formula
T 120 - (J) /0 °K [1] vest fits the messurements.
The dependence obtained is shown by the solid line in Fig. 10’.
Note & comparatively wide spread of experimeatal data
in Pig. 10, obviously related to the time variations in the
golar corona base that occur with characteristic times > T .
The above mentioned spread affects the determination of
Te (r) -dependence (inder /M ) end mekes more complicated
& direct comparison of experimental data to models of the sta-
tionaxy solar wind., Fig. 8 also shows that, in comparison with
Tg -values, most probable Te -values decrease mome ra-
'pldly with the distance from the Sun, The estimates of radisal
dependence of most probable Te yield 7;m ~ 7"—0'? ,
and the difference in /M determined from average (/77 ~0.5)
and most probable‘ (m ~0.7) Te -values can be obviously
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used as & criterion uf accuracy obtained from radial T}/77
dependence measured bn the‘same spgcecraftn To determine the
radial dependence more accurstely in the quiet solar wind,

the sample datas of systemetic observations on-board the space-
craft at a large distance from each other should be used.

’

IV. Discussion on resultis

The results of electron temperature measurements on-board

Mars 3, given in [1] and in this paper, and those of other
Tg -measurements cen be compared only for 7} ~values

near the Earth's orbit ZWTE [Qsj,7 o Various earth satellites
yield the following values of 7} : Vela=4 (May 1967 -
May 1968) - 140,107°k [6] 0G0-5 (March, 1968) - 155.107°K,
TMP-6 (March-June, 1971) - 133,10°°k [4] .

Measurements on Vela-4 and IMP-6 were carried out by one
and the same group of authors with similar instruments, i.e.
a8 hemispherical electrostatic analyzer; another group made
measurements on 0GO-5 using a different instrument (a 3-axis
analyzer with.initial acceleration of electrons). This fact
ag well as ¢ relatively short period of measurements [3]
might cause the considerable difference in the results ob-
tained by the both groups. The value 72:(9@) ~ 120.1O3°K
according to Mars~3 data from July 1971 to January 1972, i.e.
in Ege period close to that of IMP-6 measurements, is similar
to 7;>[”Q5) value from the latter satellite despite the dif-
ference in. the measuremental methods.

The experimental value of 7; fall rate ~ [ ~0+3
obtained ou board Mare-3 substantially exceeds, for larger

distance from the Sun, the fall rate of 7} from the solar
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\d .
wind models of Stirrocklend Hertle [9] , Hartle and Barnes f¥1j

. ' 4 "’2/7 : ’ ) e -m
and Hallweg [12] , Te(r)~T in [9, 11 models; Tp~T

)
m < %/?. (see Fig. 1-3) in [12] models. To compare
7;(77'V 7"‘%é | redial dependence [9, 11] with the resﬁlts
of Mars-3 7} measurements, a dashed line is drawn in Fig.10
ﬁhat'corrésponds to the exponential dependence with /72 = %4’.
As mentioned above the dashed line best corresponds to the ex=-
perimental points in Fig. 10 for a fixedvindex m = %/7.

Fig. 10 shows that with r increasing ’re values decrease
fas%er than it can be expected from the exponential dependence

T, ~ r=2

S0, in the svlar wind models [9, 11] calculated with

classic values of electron heat conductivity and of the mrate
of energy exchange between elecirons and ions as & basis the ra-
dial dep~ndence, of electron temperature does not agree with
that experimentallyé%erved on Mars-3. The taking into account
of the additional heat inflow to ions, qao ’ [11] does not sig-
nificantly change 7; -behavior near the Earth; taking'intb
account the spiralmangle of the interplanetary magnetic field
that decreases the radial heat flux in the solar wind, leads to
even slower .Te decrease for Y =1 a.e. [12] as compared
with [9, 11] . The similar conclusion on the'spiral angle'ef-
fect on the radial temperature distribugipn in the solar wind
was made based on one-fluid models f23, 24] .

With the coefficient of electroﬁ heat conduction in Cuper-
man and Harfle [56] and in Wolff, Brandf and Sauthwick [17}
models that is lower than a classical coefficient, ’re de-
crease rate increasés (/M ~o,6 [16] and m ~ 1 [17] .
That increase of 7}(%) ﬁé, 17} agrees with a faster 7} -

~-decrease (m~0,5) observed in the experiment on Mars-3 (changi
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ing the free persmter p [17] can obviously result
in 8 quantitative agreement). In those models higher VT} [T? ‘
is provided by introducing phenomenologicel coefficients
(o, B, y = [16] and,(r/ra ) P in [17] , thet
do not describe physical proresses leading t0 the decrease of
electron heat conductivity.

Up to now some mechanisms have been proposed that do not
exclude eech other and explain the decrease in electron heat
conductivity as compared with the conventional value. The asym-
netry of the function of electron and ion distribution in the
golar wind, caused by substantial heat flows in it and result-
ing in various kinde of plesme instabllities 1s discussed in

[25] . Waves excited by these instebilities bring sbout strong:
er ion heeting and lower electron neat;conductivity. The same
effect is produced [26] by introducing of limited periodie
motion of electrons that are reflected, along their path from
‘the Sun, at the electrostatic barrier, the latter being the
result of charge separation in the plesma, and along their pat..
to the Sun at the 'magnetic mirror'. An additional mechanism
that decreases electron heat conductivity end tekes into ac-
count the intertangling of interplanetary megnetic field lines
was proposed in f27] .

The devei.opment of the physicel theory of trensport pro-
cesses that takes into consideration plaema instebilities due
to substantial heat flows in the solar wind in the conditions
of highly non-equilibrium functions of electron and ion dis=-
tribution as well as the development of & solar wind model bas-

ed on that theory will obviously result in an adequate under-

standing of processes in the interplanetary space,



PIGURE CaiiIONS

Fig. 1 kadiwl dependence of tempersture of electrons ( Te )
| and protons ( ?} ) in the solar wind model of [9] .
Fige 2 The same as in Fi_. ﬁ for tie model of [11] .

Fig. 3 The same as in Fig. 1 for the model of [12].

Fig. 4 The same as in PFig. 1 for the mocel of [16].

Fig. 5 The same as in Fig. 1 for the model of [17].

Fig. 6  Principal scheme of the "iars-3" electron trap:

1 - body; 2 - gills; 3-4 - enalyzing grids;

5 - electrostatical screen; 6 - collector.

Fig. 7 Electron temperature averaged over 3-hour intervals
of time

Fig. 8 Histogram of the electron temperature values at the
varions distances from the Sun.

Fig. 9 Helioceniric distance to the "iars-3" at the flight
trajectory.

Fig. 10 The dependence of T} on heliocentric distance:

according to the "ilars-3" data;

- 27
T 7;'” r /?
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