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Abstract

	

•	 Using three-hour average values of the bulk speed V and

	

-r-	 the proton temperature 1 of the solar wind, derived from observations

conducted on the satellite Explorer 34, it is shown that

T	 (.036 I- .003) V - ( 5.54 ± 1.50)

where V is in km/sec and T in kilo-degrees Kelvin„ Results from

other experiments at different parts in the solar cycle are also

consistent with this relation. The V-T relation puts an important

constraint on solar wind theories.

The 2-fluid model of Hartle and Sturrock, which does not include

effects of non-thermal heating, gives values of V and T which are

consistent with the above V-T relation at quiet times. Thus,

non-thermal heating at quiet times is unnecessary and would be

	

x	 inconsistent with this theory.

We have searched for evidence of non-thermal heating which depends

on velocity gradients at 1 AU. It is shown to be absent at negative

gradients, indicating that the Kelvin-Helmholtz instability is not a

significant source of heating in the solar wind. Local proton heating

does occur at large positive gradients. We attribute this to turbulence

generated by the collision of fast streams with slow plasma. Such

heating is very localized, however, and not the major source of thermal

ent,.,rgy. This suggests that turbulence, as opposed to fluctuations,

occurs only in "patches" and is not a large scale phenomenon near 1 AU.

Heating by shocks is found to be a very small effect on a large scale.

There is still no satisifactory theory which gives the high-temperatures

and high speeds which are observed. Since there is no evidence for

large-scale gradient-dependent heating near 1 AU, one is led to the



hypothesis that the high temperatures and high speeds are both

due to an extended heat source near the sun. Some results are

presented which support the view that the solar wind can be described

by a 2-fluid model with extended heating by hydromagnetic waves near

the sun as proposed by Barnes; a quantitative formulation of this

model is needed.
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i_....,._l ntroduc t l on

This paper describes a study in which satellite observations of

the solar plasma are used to determine the relative importance of

the various energy sources which have been proposed to heat it. The

proposed sources can be classified according to the region where

the heating is assumed to occur: a) at the base of the corona,

b) in an extended region up to 50 RU from the sun, and c) in the

interplanetary medium.

The base of the corona, which has a temperature ( I to 2)x10 
60 
K

is an established heat source, agreed upon by everyone. However, unless

the proton thermal conductivity is much higher than generally believed,

the protons would tend to cool, by adiabatic expansion as they move

from the sun, to temperatures far below those which are observed at

the earth. Thus, an additional heat source operating at some distance

from the sun is required.

Heating of protons and electrons out to several radii has been

considered by Parker (1963) , and it was shown that reasonable

representative solar wind temperatures and speeds can be predicted

in this way. Barnes (1968) has recently proposed that heating is

produced by the damping of hydromagnetic waves propagating from the

sun.

Two types of proton heating in the interplanetary medium have

been suggested: a) heating by collision with electrons, which are

maintained at a high temperature by the conduction of heat from the

}ease of the corona. This introduces explicitly the electrons, whose

presence was implicit in earlier treatments to give charge neutrality.

Theories in which protons and electrons are assumed to be at the same
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temperature must be distinguished from the two-fluid theory (Sturrcck

and Bartle, 1966; Hartle and Sturrocksl968) where the species are

assumed to interact only weakly; b) heating by hydromagnetic waves

which are presumed to be generated by "turbulence" at velocity

gradients. The latter mechanism was proposed by Coleman (1968) and

by Jokipii and Davis (1968) when Sturrock and Hartle showed that the

transfer of energy from electrons to protons is not as effective as

assumed in the 1-fluid, conduction models of Parker (1963) , Whang

and Chang (1965)p Whang, Liu and Chang (1966) , Noble and Scarf (1963)

and others.

We shall first consider the general observations of proton,

electron and alpha particle temperatures, since they are of central

importance in any heating theory. The proton temperature T is known

to vary with the bulk speed V (Neugebauer and Snyder, 1966). We

show that there is a simple, quantitative relation between T  and V,

and we emphasize the importance of this relation with regard to solar;

wind theories. Some recent electron temperature (T e) measurements are

collected below; they show that T e does not vary appreciably with V,

implying that protons and electrons are not heated in the same way.

Some additional evidence that Ta (alpha particle temperature) is

nearly 4T is also presented.

Models with heating by conduction out to 1 AU. give sufficient

thermal energy at 1 AU during quiet times (extremely low V), but

only the 2-fluid model predicts the correct distribution of energy

between protons and electrons

None of the models with a heat source only at the base of the

s

P
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corona predicts the high speeds and the high temperatures which are

observed at non-quiet times.
t

We examine the hypothesis that high temperatures are due to

processes which dapend on gradients in the bulk speed near 1 AU.

Such heating is found only in the vicinity of isolated, large,

positive gradients, and is thus not a dominant, large-scale heat

t

source. It is suggested that turbulence, as distinct from fluctuations,

occurs only in "patches", and is not a large-scale phenomenon near

1 AU.

We examine the hypothesis that high speeds are produced by

heating caused by the damping of hydromagnetic waves in the region

from Nl to v% Rp, as suggested by Barnes (1968). We present some

support for this hypothesis, but a quantitative treatment in the

framework of the 2-fluid theory is needed to show that it can produce

both high speeds and high temperatures in accordance with the V-T

relation.

Most of the observations to be described below were made by the

1JSFC - University of Maryland plasma experiment on Explorer 34.

Both the instrument, and the methods of data reduction used, haviz-

been described before, (Ogilvie, Mcllwraith and Wilkerson, 1968;

Ogilvie, Burlaga and Richardson, 1967) and will not be discussed

here.
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1T. Te ►mneraturg of the Solar Wand

a) Definition. Because of the long collisional mean free path

in interplanetary space, it is not obvious that the concept of temp-

erature is applicable to the solar wind. The observed temperatures

which are quoted in the literature are actually measures of the width

of the distribution function f(v) for protons $ where v is the total

speed. Most measurements do not determine f(v) very precisely since

they are based on energy spectra with only a few bars in most cases.

Nevertheless, the instruments measure similar spectra, and one would

expect to find comparable "temperatures" if a uniform method of

deriving T from f(v) were used. Most workers as_. sume. that f(v) is

an isotropic maxwellian distribution and fit the observed spectra

with this function to get the maxwellian temperature. The temperatures

derived from Vela and Explorer 34 observations are not derived on

this assumption. The latter are defined in terms of the moments of

an empixacal, quasi-maxwellian distribution which gives the correct

temperature when f(v) is maxwellian (see Ogilvie et a1. 1967, Burlaga

and Ogilvie (1968) for details). Thus, the temperatures are all

comparable if the actual, distributions are maxwellian to zeroth

order, which seems to be the case (Hundhausea, 1968).

It is known that the proton temperature of the solar wind is not

isotropic, and that the temperature parallel to the magnetic field

(assuming a bi-maxwellian distribution) is, on the average, approximately

twice the temperature perpendicular to the interplanetary magnetic

field, B. The Explorer 34 instrument measures the temperature along

the earth sun-line, which should be intermediate between Ta i and T
.L 

on
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the average, because , usually snakes a 45 0 angle with the radial

direction. Since we are concerned in this paper with the gross

variations of the temperature which ranges from ,5104OK to >106oK,

the uncertainty of a factor of ,,, ►1.5 due to the anisotropy is of

little consequence in what follows.

b) Obeglyatione of the lnt+ planetary Proton Tempera ores.

Figure 1 shows the distribution of the 3-hour averages of the proton

temperatures measured by the Explorer 34 plasma experiment in the

interval June 3 to December 16, 1967. The most probable temperature

is (4.6±.5)xlO40K,, which is in good agreement with that reported by

Coon (1968) for the period July 1964 - July 1965, nam 	 4.8x1O4e1w	 OK.

The temperature ranges from <10
4 
OK to 8xIO OK. This variability is

illustrated in Figure 2 which shows a plot of the Explorer 34 3=hour

averages of T as a function of time, Both of these characteristics

`	 the most probable temperature and the variability of T with time

are fundamental properties of the solar wind which must be explained

by a satisfactory theory. Ultimately, of course, one would hope

for a theory which predicts the temperature distribution given in

Figure 1.

c) Observations of the Interplanetary Electron Temperatures,

Because of their high thermal conductivity, it is possible that

electrons effectively transfer heat from the sun to the distant

interplanetary medium and heat the protons. Thus, an understanding

of the proton temperature depends to some extent on a knowledge of

the electron temperature. Unfortunately, few direct measurements

of the election temperature, Te , are available, but Table I summarizes
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some currant observations. The observations by Wolfe and McKibben

(1968) made when the wind speed was very low (290 km/sec), give

Ta qxlO 
5 
OK and T./V-5, which may be uncertain by a factor ok 2.

Burlaga (1968) used an indirect mathod involving pressure balance

across tangential discontinuities to show that T./TZ4 and T a 10 
5 

OKI

when V-350 km/sac, Montgomery at al * (1968) found T. A[69xlo 
5 
OK to

1..5x1.0
50

 K when Vw400 rmi/jec; the correaponding T G/T p ranged from

,4.5 to -3. Bame at al. (1.969), ir, a preliminary report gave T./Tad3

at a time when Ogilvie, burlaga and Wilkerson (1968) reported T-5x10 
4 

OK

and V*385 km/sec; this gives T.-1.5xlO 5 at V-385 'km/sec Ogilvie and

Ness (1969) used an indirect method to Infer that T. /T,-2 over an

extended period of time when the average speed was *-400 km/sec.

Finally, Bame at al, (1969) reported that when V>400 km/aeco T./T"'l-

Thuso the observations suggest that T./T is bulk speed dependent,

and decreases with increasing V. It is clearly important to study

this relation further. Note that

T,-(1.5+.5)x10 5 OK. This suggests

be i',,oarly independent of V. This

Montgomery et al. (1968) that the

Less than the proton temperature

ranged from 7x10 
4 O
K to 2xlO 

5 
OK.

all of these measurements give

that the	 temperature may

is consistent with the result of

electron temperature varied much

luring a two month period, and

I
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d) Ali a-P article Temperature Measurements. Observations of

the temperature of He 4+ in the solar wind have been reported which

suggest that, on the average, T(x/T is between s and 4. (Robbins

et al. 1969, Ogilvie and Wilkerson, 1969) . Observations of these

ions allow us to infer something about heating processes in the

solar wind, because, as pointed out by Jokipii and Davis (1968) , a

process which causes the change in the velocity distribution function

depending only upon the particle velocity, will give all ions the

same velocity distribution and temperatures proportional to their
e

masses. Thus, observations showing that T«^T_4 are consistent with

heating by hydromagneti;: waves, while equal temperatures would be

consistent with collisi.onal hc5ting leading to thermal equilibrium.

Such observations cannot tell us, however, where the heating took,

place.

The Explorer 34 observations of helium were hampered by the

presence of an instrumental background, so that the temperatures are

the least accurately known quantities for the most part. We therefore

only have accurate ratios T«/T for periods of time when the densities

of Helium and Hydrogen were high. Several of these times coincided

with velocity gradients shown in Figures 2a and 2b; the observations

are set out in Table II. The mean value of T(X/T is 3.75, equal to

four to the limits of experimental error, and this observation therefore

supports the idea of non-collisional heating near large positive

velocity gradients.

e) Relationship Between T and V. A qualitative relation between

V and T was noted by Snyder and Neugebauer (1966). To examine the

relation between speed and temperature of the solar wind quantitatively,
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we have taken 1096 3-hour averages of V and T from Explorer 34
a

and computed th iverage temperature, T, for the intervals with

250 km/sec <v< 300 km/sec, 300 km/sec <v< 350 km/sec, etc. The

results are represented by the open circles in Figure 3. The

points lip close to the line

,/T - aV-b
	

(1)

with a-.036 ±.003 and b-5.538 ±1.50

It should be noted that (1) is not a unique fit to the

observations. They can for example, be described by the equation
2

V	 mhnT, whir.,h is suggested by the Bernoulli equation (Parker 1963) with

Tp °C T. However, (1) seems to be a som ;hat better Fit and is used

in the calculations below. Agreement with this simple empirical
f

relation is a rather remarkable fact, for it applies to all of the

Explorer 34 data, which extend over the range 250 km/sec to 750 km/sec.

The uncertainty in T. determined by computing the variance of the

values of T in a given velocity interval, is indicated by the error

a	 bar at the point with the highest T.

It is of interest of compare the Explorer 34 observations of T

o	 u	 d ff	 nand V with those made by other instruments at i Brent times i the

solar cycle. Hundhausen (1968) gives V-320 km/sec and T=4x10 
4_o
K for

quiet times in the period 1962-1967. This point is plotted as the

letter H in Figure 3. Wolfe and McKibben studied a very "quiet"

period shortly after the launch of Pioneer 6 on Dec. 15, 1965 and

found T se104, T +x104 and V=265 lm--/sec; the value of T is between

T.L and T,,, which are shown by the L,,mits of the bar marked W in

Figure 3. Average values of ,,/T and V measured by Neugebauer and

Snyder for the duration of the flight of Mariner II in 1962 are
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given by the point N in Figure 3. It can be seen that all of these

measurements are in excellent agreement with the Explo*;er 34

measurements. Thus, the relationl/T M .036V-5.54 Appears to describe

a fundamental characteristic of the solar wind.

Figure 3 also shows theoretical values for T and V. The letters

V, W and N' are the predictions of Whang, Liu and Chang (1966),

Whang and Chang (1965) and Noble and Scarf (1963) , respectively,

based on a 1-flui6 model with heat conduction. Results of Parker's

isothermal model (Parker, 1963) are shown by the solid dots.

fr
..

{

r



- 10 -

III. Heating Mechanisms

a) proton Heating by Collisions with Electrons

With the data presented in the previous section as a basis

for discussion, we shall not

which have been explored in

heating of the solar wind.

is that electrons conduct a

the sun and protons acquire

with the electrons. In the

a turn to the various theoretical ideas

attempts to salve the problem of the

The most extensively developed idea

Large amount of thermal energy from

part of this energy by coulomb interaction

work of Whang and Chang, Whang, Liu and

Chang, and Noble and Scarf, the assumption is made that T-T e , as

in an ordinary, collision-dominated plasma. Sturrock and Hartle

have pointed out that this assumption is not justified in the solar

wind because the mean free path for energy exchange is very large;

In their model, protons and electrons behave as separate fluids,

which are only weakly coupled by the term (3/2)vEnk (Te -T) where

vE is the energy-exchange rate between protons and electrons with

density n.. Of the presently developed models which assume that 	 }"

heat is supplied only at the base of the corona, all require that

the solution fit th% Blackwell (1956) electron densities at the sun.

When the energy exchange is treated by the 2-fluid model, it is

found that the electrons conduct nearly the same amount of energy

from the base of the corona as is predicted by the 1-fluid models,

but only a small fraction of this is acquired by the protons.

Specifically, the 2-fluid model predicts Te+T=3.5x105OK and,

Te/T=$0 at 1 AU. when V=250 km/sec, while the 1-fluid model of

Whang and Chang predicts Te+T=3,5x10 5 O and, of course, Te/T=l when

V=260 km/sec. Two theoretical values of (V,T), computed by Hartle
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and Sturrock using the 2-fluid model, are shown by the crosses in

Figure 3. These predictions are in good agreement with the extra-

polated observations. It is not possible to directly compare the

predicted electron temperature with observations, because there

are no electron measurements at V<250 km /sec and there is no

established relation between V and T e o However, the results in

Section II suggest that Te does not vary appreciably with V when

V<400 km/sec and that the observed T- 1.5x10 50K at V>300 km/sec
'	 S

is not far from the predicted value Te-3.5xlO OK at .. V=250 km/sec.

Thus, the 2-fluid model does provide a satisfactory explanation for

the 'quiet" solar wind (V;^250 km/sec.) It should be emphasized,

however, that the It 	 solar wind is not a special, well-defined

state of the solar wind, but rather an unusual and extreme condition.

This is demonstrated in Figure 4, which shows the distribution of

3-hour averages of V from the Explorer 34 data.

At Hartle and Sturrock have noted, their 2-fluid model cannot

give the high temperatures and speeds which are normally observed.

Several authors have concentrated on the problem of the low temper-

atures and proposed interplanetary heating mechanisms which we

discuss in the next section. However, it should be noted that

k(Te+T)«mV2. Thus, the low V is a more serious problem than the

low T.

b) Turbulent Heating
a

Recently, Coleman ( 1968) and Jokipii and Davis (1968) proposed

that the dominant source of thermal energy in the solar wind is the

damping of hydromagnetic waves generated at velocity gradients

near l AU. Jokipii and Davis suggested that the hydromagnetic
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waves would damp by Barnes mechanism (Barnes, 1966) and heat both

the protons and alpha particles, and they made the important point

that such damping heats the alpha particles to a temperature four

times that of the protons. Coleman suggested that the hydromagnetic

wave energy would cascade from longer to shorter wavelengths in

analogy to ordinary turbulence, and would ultimately be transferred

to the protons by cyclotron resonance. The word "turbulence" has been used

both to describe this condition, and also to describe the random

velocity field suggested by Jokipii and Davis.

It should be noted that these hydromagnetic heating theories

are based on the suggestion that hydromagnetic waves are continually

generated at velocity gradients in the interplanetary medium. They

do not show how hydromagnetic waves are generated at velocity gradients,

and they do not attempt to explain the origin of the high wind speeds

which are required for the proposed turbulent heating. In the next

section we consider the hypothesis that the process which gives the

high speeds may also give the high temperatures, making large-scale

turbulent heating near 1 AU. unnecessary,

In this section we shall show that if the,/_T-V relation is the

result of processes near the sun, then there is evidence that some

additional heating does occur near large positive velocity gradients

at 1 AU., but not near large negative gradients.

We define the bulk speed "gradient" by the equation

AV V(t+3 hr) V(t) ,

where V(t) is the mean speed for a 3-hour interval centered at time t.

A negative gradient implies that the bulk speed measured at
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the spacecraft appeared to be decreasing with time.. Assuming a

nearly stationary state, such a decrease represents the entry into

a region with lowhr V, i.e. dV/dt <0060a t + V-AVF*V•AV<O. We

define a region of local heating as one in which AT ;^ 
so

10 K, where

.-
AT = T - (.036V - 5.538)

2
 ,

with T	 [T(t+3 hr) + T(t) 3/2 and V	 CV(t+3 hr) + V(t) 1/2.
m

Now let us consider whether there is local heating near large

t
positive bulk speed gradients. Figure 5 shows the normalized

distribution of the OT's for OV>0, based on the Explorer 34 3-hour

averages of V and T. The points actually represent histogram bars

for OT<50x103oK, 50x103
 
OK <T< 100x10 3A	 OK, etc. The solid curve

shows that a) the AT's for AV>O are nearly symmetrically distributed

about AT = 0, as would be expected if the distribution simply

represents the scatter of points about T, but b) there is some

indication that there are more positive AT's than negative AT's.

To examine the possibility that local heating was occurring near

the largest bulk speed gradients, we computed the AT distribution
r A	

for the cases AV s15 km/sec, 530 km /sec, and s45 km/sec. The

results, shown in the right panel of Figure 5, clearly indicate that

the local heating occurs at large positive gradients. The

fraction of intervals with OT<O systematically decreases as AV

increases, and the fraction of intervals with AT' 1050K systematically

increases with AV.
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Two heating mechanisms have been suggested - the Kelvin-

Helmholtz (K-H) instability (Parker 1963) and the collision of fast

stream with slower plasma (S,arabhai 1963). We cannot exclude the

K-H instability as a cause of heating at the largest positive 	
c

gradients. But if the K-H instability were the cause of the heating

which is seen at positive gradients, heating should be seen at

negative gradients of comparable magnitude. The left panel of Figure

5, which shows the AT distribution for AV<O, <- 15 km/sec, <-30 km/sec,

and <-45 km/sec, gives no evidence for heating at negative gradients.

We infer that the heating at positive gradients is not due to the

K-H instability. it is reasonable to attribute the heating to

colliding streams.

Having demonstrated that large AV>O are associated with
5

AT a' 10 °K, let us now inquire whether the converse is true, i.e.

whether "hot sots"'	 Sop.	 (regions with AT ^ 10 ) are all associated

with large 4V>O. We have found 25 "hot spots" in the Explorer 34

data, indicated by the horizontal lines in Figure 2. Seventeen of

the "hot spots" are clearly associated with large positive AV.

Three are associated with negative AV, but two of these are short

intervals and have AT very near 10 5OK, so they may not be statistically

significant. Five are not clearly associated with either a positive

or a negative AV, and two of these are short 	 intervals with AT

near 105°K. Thus, "hot spots" are usually Found in the vicinity

of large positive bulk speed gradients.

Shocks are known to heat the solar wind, they are associated

with positive bulk speed gradients, and at least 13 shocks have

been identified in the Explorer 34 data by Burlaga and Ogilvie (1969),
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so they could conceivably form a significant part of the heating

which is observed. The times at which the shocks were observed are

indicated by the triangles in Figure 2. Note that only 5 of the

25 hot spots (AT > 10 50K) are associated with shocks; furthermore,

2 of the 5 do not immediately follow a shock, suggesting that
N

they were not caused by shocks.	 Thus, shocks are not the principal

cause of the hot spots which were observed by Explorer 34. 	 This

leavescolli.si.onal interactions of fast streams with slow streams

as the most likely cause of the heating.

We no	 ask whether heat ing at positive gradients	 s a dominantw	 n_g	 p	 g	 i	 d

macroscale solar wind heat source. 	 To answer this question, we have

compared the AT distribution for AV>O, which does show local heating

with the AT distribution for AV<O, which does not show local heating

(see Figure ba).	 It is seen that to zeroth order the dist ributions

are the same, although a small effect of heating at AV>O is evident.

Figure 6b compares the distribution for O<AV<15 km/sec with that

,.: for -15 km/sec <4V<O, and shows that they are virtually identical,

implying that the small heating seen in Figure 6a is the result of

AV> 15 km/sec.	 The conclusion is that heat ing at positive 'bulk

speed gradients is not a dominant macroscale heat-source. The reason

that local heating is not very significant on a large scale is that

large gradients seldom occur. The latter fact is demonscrated in

Figure 7, which shows the distribution of the AV's for the Explorer

34 data. This figure illustrates two additional important facts:

a) the distribution of all the AV^s is well described by a single

simple relation, suggesting once: again that the variability is a
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general statistical property of the solar wind which can be treated

by a relatively simple theory, b) the curves for positive and

negative gradients have different slopes and indicate that the

positive gradients tend to be steeper than the negative gradients.

Although the above discussion shows that colliding streams are

not a dominant macroscale solar wind heat source, there is still

the possibility that the high mean temperatures are produced by

s some other interplanetary heating process. This process does not

depend on velocity gradients, since a larger negative gradient at

a
A

given V does not imply a hi her temperature, Lot us assume forg	 y	 g	 mp

the moment that <uch a process exists and ask whether it is

consistent with the existing solar wind theories. Clearly, such

is inconsistent with the 2-fluid model because the 2-fluidheating	 _	 ,

model does predict the correct proton temperature at V:5250 kin/sec;

x additional heating by turbulence would give temperatures that are

too high. Now consider the possibility that turbulent heating is

effective when 250NV;6350 km/sec. The l-fluid models of Whang and

t	 Chang and Noble and Scarf predict proton temperatures more than 5

times higher than observed (see figure 1) and electron temperatures

which are on the order of twice the observed temperatures. Thus,

thermal conduction as given by the Chapman-Spitzer formula is more

I	 than adequate to account for the observed temperatures. Turbulent

heating would only make matters worse. We cannot rule out the

possibility that turbulent heating is important at speeds >400 km/sec.

However, the linear relationship in Figure 3, which extends over

the entire range of bulk speeds, suggests that the same (non-turbulent)

,r
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heating mechanism is dominant at all speeds. An extended 2-fluid

theory which explains the high wind speeds is nee led to settle the

matter*

It has boon suggested that the solar wind might be turbulent

because the Reynolds number, R apvD/m (where D is the scale size

—10 
13 
cm, p the mass density and m-viscosity —1.240 

16 
T5 /x gm/cm, sec)

is -10 3 between high speed streams. This ignores the stabilizing

offoct of the magnetic field cnnd the smaller scale size, <,01 AU,
OW

introduced by the presence of discontinuities. Using 1—.01 AUO

n=5, vw400 km/sec and T^40 OK one finds Ro.08

t
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1V. Extended Heating Near the dun

Approaching the problem of successfully predicting the range

of temperatures and Row velocities in the solar wind from the

point of view of the relation between V and /T discussed above,

it becomes clear that the major defect of existing theories is that

they do not give out iciently high bulk speeds. Parker (1963)

was the first to point out that if heat were to be added so that

the temperature close to the sun remained constant out to a radius

R1 of order twenty solar radii, and if particles cooled adiabatically

beyond this distance, very high wind speeds .ould be produced.

Barnes (1968) has recently proposed that hydromagnetic wave damping

could give the necessary heating out to tens of solar radii.

Jokipii and Davis (1968) have pointed out that such heating gives

T(X /T ,4, and adiabatic cooling beyond the heat source would not

affect this ratio, so such a theory would be consistent with the

observed Ta/T ratio. It remains to be shown, then, that sufficiently

high temperatures and the fT •V relation can be explained this way.

Using P arkers' (1963) calculated values of V and n at R 1 for a model

with an extended heat source, we arrive at the values of V and T

set out in Table 111, assuming T 1 = 1X106OK (Newkirk 0967)) in

the region out to radius R l , which is given in terms of the

reference level from which eoronal expansion is supposed to start.

in view of the fact that these values diverge so Little from

the observed temperatures, and of the large number of approximations

and assumptions made in this treatment, the extended heating

hypothesis cannot be ruled out. However, P arkers' model does not

completely solve the problem, since it predicts densities 10 times
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the observed densities. A fuller theoretical treatment is needed

to determine whether extended heating near the sun can give the V-T

relation and the observed densities. Since Te constant, independent

of V (Table I) while T does depend on V, a 2-fluid model will be

required. The electron temperatures can be explained by conduction,

as shown in Section IIx, so only the protons need be heated by the

extended source:. Thij could be obtained by Barnes' mechanism.

{
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V . Summary

We have emphasized that the variability of the bulk speed, V, and

proton temperaturep T, is an essential characteristic of the solar

wind. On a large scale this variability appears to be governed by

rather simple laws. It is shown that the distribution of positive

anO negative bulk speed gradients is an exponential furntion which is

presumably the result of random proceRses at the sun. Particularly

important with regard to the problem of solar wind heating is a

simple quantitative relation between V and T, namely T = aV+b-

This is satisfied by all of the interplanetary data from Explorer 34

for speeds ranging from 250 km/sec to 750 km/sec and also by data

from other experiments at different times in the solar cycle. This

V-T relation puts an important constraint upon solar wind theory.

The predictions of Hartle and Sturrock, are consistent with

the V-T relation and with the observed electron temperatures which

appear to be nearly independent of V. In other words .ae 2-fluid

model does not seriously conflict with experiment as some writers

have assumed. It becoi,,,es clear that Sturrock and Hartle were corret,,t

in stating that their model describes only an extreme and unusual

state of the solar wind corresponding to very low bulk speeds and

gives the correct temperatures for these speeds. Heating by

turbulence or by the transfer of large amounts of energy from electron^t

to protons at low V would give proton temperatures which are too high.
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Thus, we infer that nonthermal interplanetary heating is not a

significant macroscale process in the quiet solar wind.

If turbulent heating did occur on a large scale in the non-quiet

wind as a result of bulk-speed gradients, one wou3d expect it to

be largest in the vicinity of the largest gradients, both positive

and negative. We find no evidence for exceptionally high temperatures

near large negative bulk speed gradients. This argues against thet

turbulent heating hypothesis and. An particular, it argues against

the Kelvin-Helmholtz instability as a significant source of heating

in the solar wind. This result is consistent with the work of

Burlaga which shows that stresses in the solar wind can be relieved

by stable gliding motions along the surfaces of numerous hydromagnetic

tangential discontinuities in the solar wind.

It is shown that appreciable heating does occur in the vicinity

of large positive bulk-speed gradients. Since it occurs at positive

but not negative gradients, it cannot be the result of a velocity

shear; however, it is consistent with the idea that heat is generated

by the collision of a fast stream with slower moving plasma. 	 We

find that temperatures —2xl05oK are generated in regions where

d V ,, 50 km sec	 However, such large gradients seldom occur.
d x	 .05 AU

Moreover, the average temperature at positive gradients 	 (1.4+.3)x

1050K) does not greatly exceed that at negative gradients ((l.l+.2)xlO5OK'j.

Thus, we conclude -that such colliston-heating is not a dominant

heating process on a large scale. 	 It is shown that shocks were even

less effective in heating the solar wind during 1967 than collision-

heating.
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The hypothesis that protons are heated by hydromagnetic

waves up to —50 RO and cool adiabatically beyond this point, while

electrons are effectively heated by thermal conduction out to 1 AU,

is not excluded by the observatior q and deserves further study.

Macroscale turbulence is not necessary if the above hypothesis is

correc+,, but local turbulence at positive bulk-speed ^,;,adients

is still an allowed and likely possibility.
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TABLE1

Reference T (°K) Te(OK) Tc/T V(km/sac)

Wolfe and McKibben (1968) —5x104 —2x105 + 290

Burlaga (1968) *-2.4xlO4 >105 Z4 348

Ogilvie et al. (1968) (5.3±1.3)x104 —1.5x105 385
Bame et al. (1969) 3

Montgomery et al. (1968) (4 to 10) x10 4 (.9	 to	 1..5)x10'' 1.5 to 3	 400

Bame et al. (1969) >105 >105N N1 >400

B1, 1^91,

V-1

4

t

q*xx
J



TALLE I I

Tct	 T	 Ta/T

3.6x105 1.Ox105 3.6
5

5.7x145 1.8x10 3.2

8.0x105 2.1x105 3.8

8.4x105 2.0x105 4.2

5.5x105 1..3x105 4.2

6.4x105 1.9x105 3.3

8x105 2x105 4.0

Mean 3.75

Dare	 Time

25 June	 0315

28 July" ^^.^ 1651

17 Aug.	 0638

0945

28 Aug.	 0555

0708

19 Dec.	 0019

rz
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Ta. III

R 1(x10 -6km) V (km/sec) T (°K) T(observed)
(OK)

5.4 260 6x103 1.2x104

8 320 1.2x144 .3.6x10

20 410 5x104 8.5x104

40 460 1.440 1.3x1A5

t

x
i
3
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FIGUM CAPTIONS

Figure 1 This figure shows the number distribution of temperatures,

derived from the moments of the line-of-sight velocity

distribution, and averaged over 3 hour periods, for the

3000 hours of observations in the interplanetary medium by

Explorer 34.

Figure 2a The bulk speed V and Tj for the solar wind as observed by
2b

Explorer 34 for June to December 1967. The breaks in the

data represent periods when the spacecraft was inside the

earth's bow shook. Triangles indicate the times of hydromagnetio

shocks. Solid bars indicate local heating ( bT > 105°K) .

Figure 3 Values of * computed from three hou). , averages, plotted

as a function of bulk speed V for intervals 250 km/pec-1

<V< 300 km/see
-1

 etc,, together with theoretical predictions

and other observations as discussed in the text. The open

dots are Explorer 34 observations, with uncertainty indicated
r:

by error br4r on the uppermost point. The solid dots give

Parker's solution to the Bernovlli equation for an isothermal

corona, T = V2.

Figure 4 The number distribution of three hour average values

of bulk speed for the 3000 hours or observations in the

interplanetary medium by Explorer 34.

Figure 5 The number distribution of values of QT , based upon 3 hour

values. The left hand diagram is for negative gradients,

the data being broken up into velocity intervals and 	 s

normalized; this shows no gradient-dependent heating. The
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right hand di ets is for positive gradisnts. This shows

evidence of heating at large speed gradients,

Figure	 The number distribution of values of AT, cotTuted as in

Iriguxe 3, The lei hand curve is for all the data. This

indicates that the heating at povitive :Need. gradients

Is not a dominant heat source for the interplanetary

medium. The right hand curve is for small velocity gradien ts

of either sign 0<1 4 'V j < 3.3 ti/sec , representing	 of

the date. and shows that heating is due to gradients >15 km/

sec.

Figure 7 Number distribution of values of 4V, the difference between

consecutive 3 hour average values of bulk speed, for the

interplanetary observations of 4xplorer 34.
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