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Helios Observational Constraints on Solar Wind Expansion

E. MARsCH AND A. K. RICHTER

Max-Planck-Institut fiir Aeronomie, K atlenburg-Lindau, Federal Republic of Germany

Helios particle and magnetic field observations between 0.3 and 1 AU are used to determine plasma
parameters that characterize the bulk and internal energy state of the solar wind. Quantities expected to
be conserved in a time-stationary flow with local spherical symmetry in the ecliptic plane are actually
found to be invariant within measurement uncertainties. These are the total mass, energy, and angular
momentum fluxes for the anisotropic solar wind plasma composited by electrons, protons, and alphas.
Although individual species have nonthermal velocity distributions, the total plasma pressure is almost
isotropic (p,/p, = 0.9). The total heat flux divided by the mass ﬂqx 0,/pu, is markedly fsmgller thap
thermal speeds squared v V2= py../p- By this reason an appropriately defined polytropic index y is
found to be almost 4 and rather insensitive to heliocentric distance and flow speed. This index y does not
include terms due to wave turbulence or external heat sources but is solely based on the total particle
heat flux. These observational findings indicate that the heat flux beyond 0.3 AU is observationally too
small to cause a strong departure [rom adiabaticity. The solar wind expansion may be conceived in terms
of a “single particle” moving in the binding gravitational potential and in the accelerating thermal
(enthalpy and heat fluxes) and magnetorotational (azimuthal kinetic energy and Poynting flux) poten-

tials. The radial profiles of these potentials are derived from observations.

1. INTRODUCTION

The Helios solar probes provide the unique opportunity to
study radial variations of solar wind plasma parameters in the
inner heliosphere, since their highly elliptical orbits about the
sun cover the heliocentric distance range between 0.3 and 1
AU. Detailed Helios in situ particle observations by Ro-
senbauer et al. [1977], Marsch et al. [1982a, b], Pilipp et al.
[1981], and Schwenn [1983] yield experimental constraints on
modeling the radial evolution of distribution functions and, by
taking velocity moments, observational constraints on theo-
retical fluid models for the wind expansion. In many papers of
various authors [Parker, 1963: Meyer and Pfirsch, 1968;
Weber and Davis, 1970; Holzer and Axford 1970; Weber, 1970;
Hollweg, 1973 ; Barnes, 1974; Acuna and Whang, 1976] a fairly
general theoretical framework, based on the pioneering paper
by Weber and Davis [1967], has been advanced by taking the
multicomponent (electrons and protons) and anisotropic
nature of the plasma and the inhomogeneity of the interplan-
etary medium into account, as well as the angular momentum
transport in the solar wind. In addition, we shall also include
the alpha particles, since Helios observations indicate that
they should not be treated as a minor species. The gener-
alization of the model equations is obvious and outlined in the
appendix. Within this theory we shall discuss various physical
quantities that can be estimated from the observations and
that are regarded to be basic from a theoretical point of view,
as, for example, the fluxes of the total mass, angular momen-
tum, and energy.

The purpose of the present paper is to consider these physi-
cal quantities and others detailed below in order to derive
more stringent constraints for any solar wind model. We also
like to assess briefly the possibility whether a thermally driven
solar wind model appears feasible considering in particular the
Helios perihelion (0.3 AU) observations. This question is of
importance since with the detection of the electron strahl [Ro-
senbauer et al., 1976; Pilipp, 1983] the possibility of a wind
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driven by these suprathermal, exospheric-type electrons has
emerged and recently been discussed by Olbert [1981]. Fur-
thermore, the importance of the alpha particles in correctly
evaluating the bulk properties, such as the ion mass flux or the
angular momentum [Pizzo et al., 1983] carried by the solar
wind, has been emphasized by Helios observations. Among
these is the finding that alphas move faster than protons by a
considerable fraction of the local Alfvén speed [Asbridge et al.,
1976; Marsch et al., 1982b] and thus at times can contribute
essentially to the solar wind internal energy. These observa-
tions call for a multifluid approach in modeling the expansion
and necessitate that alphas be regarded as a major constituent
of the solar wind plasma.

In the above references and more recently, for example, in
the papers by Holzer and Leer [1980] and Leer et al. [1982],
the physical invariants and conserved quantities expected
from a model with local spherical symmetry restricted to the
ecliptic plane have been extensively discussed. All physical
parameters were assumed to vary only with heliocentric dis-
tance. The theory yields two groups of parameters that are
related to bulk properties of the wind and to the internal
energy, respectively, comprising contributions from protons,
alphas, and electrons. The outline of this paper is the follow-
ing: We start with some general remarks on the Helios data.
Concerning the definition of relevant parameters we refer to
the appendix or otherwise give explicit expressions. We then
discuss the variations of bulk properties with radial distance
from the sun. In the subsequent section we investigate the
radial evolution of internal energy and total heat flux with
emphasis on an appropriately defined polytropic index y that
allows to evaluate the data in usual thermodynamic terms and
to compare with the situation where an equation of state
exists. Then we shall concentrate on the radial evolution of the
kinetic energy per amu and of some effective potentials that
we define later on. These potentials involve heat and enthalpy
fluxes and the magnetic field effects due to the sun’s rotation.
The expansion of the wind can transparently be described as
the motion of a “single particle” moving in these potentials
and in the sun’s binding gravitational potential. Our paper
will conclude with a summary and a section discussing the
relevance of our observational constraints on solar wind mod-
eling.
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2. HELIOS OBSERVATIONS

2.1.

In this section we shall discuss the plasma measurements
obtained by the Helios 1 and 2 spacecraft between 0.3 and 1
AU. The plasma instruments and data analysis have exten-
sively been described by Schwenn et al. [1975], Rosenbauer et
al. [1977], Marsch et al. [1982a, b], Pilipp et al. [1981], and
Pillipp [1983]. The magnetic field data have been provided by
the magnetometer team of the University of Braunschweig.
Details can be found in the work of Neubauer et al. [1977a, b]
and Musmann et al. [1977]. The “average” solar wind in the
inner heliosphere (structures and slow variations) has been
investigated on a statistical basis by Schwenn [1983]. In order
to put these Helios plasma parameters into the context of
previously measured particle distributions and solar wind
data, the reader is advised to compare with Feldman et al.
[1975, 1976, 1977]. The papers by Neugebauer [1981, 1983]
review helium ion observations and present experimental con-
straints on solar wind acceleration mechanisms. A description
of the various types of solar wind flow and their relation to
solar activity is also given by Hundhausen [1979].

Before embarking on a discussion of the actual data, we
shall briefly outline the idea of our analysis and discuss some
relevant points. The helios plasma analyzer provides com-
bined three-dimensional ion velocity distributions, in which
the most abundant hydrogen and helium ions still have to be
separated. Details of the applied separation procedure re-
quired for the Helios E/q measuring instruments can be found
in the articles by Rosenbauer et al. [1977] and Marsch et al.
[1982a, b]. The electron analyzer integrates the incident flux
over an elevation angle of about +10° with respect to the
ecliptic plane. Exploiting the assumption of gyrotropy, the
measured two-dimensional electron distributions can be ex-

General Remarks

tended to the third dimension of velocity space. In order to

minimize the possible error introduced in the electron data by
this procedure we restrict the data set to those spectra where
the magnetic field vector is within +5° in the ecliptic plane.
This restriction guarantees that the so-called strahl [Ro-
senbauer et al., 1976] is completely measured by the electron
analyzer. Since the strahl electrons constitute a major part of
the total heat flux, the above condition appears mandatory for
our data evaluation.

The particle parameters required for our analysis are the
velocity moments. We need the density n;, flow speed v;, tem-
peratures T}, and Tj,, and intrinsic heat fluxes ¢;, and g;, for
the various species j. Single fluid quantities such as the total
particle mass density, the bulk flow velocity u, the total pres-
sure P, and the heat flux Q can then be calculated according
to (A1), (A8), (A12), and (A13), given in the appendix. Finally,
these quantities have to be transformed from the spacecraft
frame into the standard heliocentric coordinate system in
order to compare with the model equations.

All figures in this paper are based on the Helios primary
missions, comprising the time interval from day 344 in 1974 to
day 95 in 1975 (Helios 1) and the time interval from day 17 to
130 in 1976 (Helios 2). These time periods belong to the phase
about minimum solar activity. They are characterized by re-
current, sharply bounded high-velocity streams [Schwenn et
al., 1978] originating from coronal holes [ Hundhausen, 1979]
separated by low-speed, cold, and dense solar wind flows, in
which the heliospheric current sheet is embedded [Marsch et
al., 1982a, b; Behannon et al., 1981]. In order to account for
this two-state phenomenon of the solar wind we have classi-
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fied the data into three classes corresponding to low- (200-
400), intermediate- (400-600), and high-speed (600-800 km
s~ 1) flow. In order to derive average radial gradients of all
solar wind parameters, we additionally have sorted the data
into radial distance bins of 0.1 AU in width. The mean values
of the respective parameters have been plotted as well as their
corresponding standard deviations. Since we are interested in
the large-scale evolution of the solar wind, we used 10-min
averages over individual spectra (sampling time of 40.5 s) as
quasi-spectra for our statistical analysis. The reason was that
we often encountered the situation that in one cycle we had
reliable data only for a single particle species, say, electrons,
whereas for the subsequent spectrum only proton data were
available. By this technique our data base has been enlarged
to about 8300 quasi-spectra.

2.2. The Constants of Motion

This section is devoted to investigate the global constants of
motion M, L, ¢, and F,, being the mass flux, the specific
angular momentum, the total energy per proton mass, and the
magnetic flux, respectively. All these quantities are defined in
detail in the appendix. The relevance of these constants of
motion for the description of a spherically symmetric solar
wind expansion in the ecliptic plane has been discussed by
many authors (see the introduction). For further references see
also the more recent review by Leer et al. [1982].

First, we shall consider the angular momentum L. This
quantity has already been analyzed before by Pizzo et al.
[1983]. These authors thoroughly discussed the problem of
determining the sun’s angular momentum loss and addressed
extensively the root of the observational problem on how to
assess correctly such an elusive quantity as the azimuthal flow
speed of the solar wind. We do not want to repeat their dis-
cussion and simply refer to the above paper also in view of
other important details, such as the instrument calibration
and corrections that have to be applied to the raw data. How-
ever, it is necessary to emphasize the following point: The real
solar wind being structured in recurrent high- and low-speed
streams severely violates the theoretical assumption of local
spherical symmetry. Since our model deals with the unstruc-
tured ideal high- or low-speed wind, we cannot expect to pre-
dict correctly radial trends for quantities such as the angular
momentum that are highly sensitive to possible azimuthal
variations in the magnetic field and flow velocity components.
The reader should keep this in mind when we later present the
trend analysis of L, ML, and u,. Stream-stream interactions,
for example, can entirely mask the “true” evolution of the
angular momentum carried away from the sun by the undis-
turbed wind.

Along the same line of arguments we have ignored spectra
associated with smaller time scale structures such as shocks
and discontinuities, noncompressive density enhancements
[Gosling et al., 1978], and helium-rich events [Borrini et al.,
19807]. Nevertheless, our data that are contained either in the
velocity bin below 400 km s~ ! or in the class from 400 to 600
km s~ ! corresponding to stream interaction zones still repre-
sent a mixture of plasma parcels that are probably not com-
parable. The ideal situation would be to rely solely on data
sets from radial lineup constellations of the twin Helios
probes. One good lineup in a typical high-speed stream has
been discussed in detail by Schwartz and Marsch [1983]. Un-
fortunately, the data base from Helios lineups is too sparse for
the present investigation. Therefore we shall bin the data ac-
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Fig. 1. Specific angular momentum (top) and azimuthal compo-
nent of the bulk velocity (bottom) versus heliocentric distance in AU.
Error bars give the standard deviation of the mean for each radial
distance bin with a width of 0.1 AU. The curves correspond to high-
speed (dotted curve), intermediate-speed, (solid curve) and low-speed
(dashed curve) solar wind.

cording to speed and heliocentric distance irrespective of
whether these data were sampled within identical flux tubes or
not.

Figure 1 (bottom part) shows the azimuthal bulk flow veloc-
ity component u, (protons and alphas) in kilometers per
second for the three velocity classes—slow (<400 km s~ %,
dashed curve), intermediate (400-600 km s~ !, solid curve), and
fast solar wind (=600 km s~ !, dotted curve)—as a function of
heliocentric radial distance. Each point represents an average
over a distance bin of 0.1 AU in width. The error bars have
been slightly dlsplaced from one another in order to avoid
overlapping. Note the large variances in the data, which are
due to intrinsic measurement errors for u, and due to real
variations caused by stream-stream interactions, waves, time
variability, etc. Therefore, mdmdual values should not be di-
rectly compared with theoretical predictions given by Weber
and Davis [1967]. Numerical values and standard deviations
are given in Table 1.
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The azimuthal velocity component is one of the two terms
that compose the specific angular momentum L according to
(A9). This explains the similarity of the top and bottom lines
in Figure 1, which also displays L in the same format as u,.
Note that the angular momentum per amu is given in AU km
s~ L. As for u,, there is a distinct trend. for L to be negative,
against the sense of corotation with the sun, in fast solar wind
and to be positive in slow solar wind. This trend has been
found by Pizzo et al. [1983], and it has been explained in
terms of stream interaction dynamics that may lead to a de-
flection of the dilute high-speed gas at the dense slow plasma.
By averaging over radial distance and speed bins one finds
L=(17+19) AU km s~'. This locates the Alfvén critical
radius in units of the solar radius at r,/Rg = [L/(QRs*]'* ~
13, a figure already quoted by Pizzo et al. [1983]. It should be
noted, however, that L bears a very large error and is most
severly affected by measurement uncertainties. Strictly speak-
ing, the fact that real solar wind is highly structured makes a
straightforward application of the Weber and Davis model
(hereafter referred to as WD model) questionable. For exam-
ple, negative values for L and u, are not compatible with an
initially partly corotating plasma that is progressively acceler-
ated through the Alfvénic point and decoupled from the sun.
Thus negative L can only result from interplanetary dynam-
ical processes. However, if one takes the larger L value (see
Table 1) in the slow wind, L = (10.6 + 16.0) AU km s~ one
may conclude that low-speed solar wind is forced to corotate
with the sun out to larger heliocentric distances. The Alfvénic
radius inferred from these data is r, = 30 Rs. A more detailed
discussion of inferences about the Alfvén critical point from
solar wind angular momentum as observed by Helios can be
found in the paper by Marsch and Richter [1984].

Figure 2 displays in the top panel the angular momentum
loss rate of the sun, ML {or the angular momentum carried
away by the solar wind), and the magnetic field flux Fp
(bottom) versus heliocentric distance. The quantity ML exhib-
its the same trend as L itself. For a more detailed discussion
we again refer to Pizzo et al. [1983]. The bottom part of
Figure 2 shows that within the large error bars there appears
no significant trend in Fj as a function of flow speed. There is
a weak indication for Fp to be somewhat higher in the
intermediate-speed regime corresponding to stream interac-
tion zones and trailing edges of fast streams. However, it
seems reasonable to state that within measurement uncer-
tainty, r2B, is fairly well conserved with a total average of
Fp=(3.28 £'1.67) nT AU? sr™'. A comment on our error
analysis is in order here: We quoted standard deviations in-
stead of the error ‘of the mean itself in the figures and tables.
The errors of the means are certainly much smaller (by about
a factor of 94 for the entire data of our 8873 spectra) than
their standard deviations for all the data bins. However, in

TABLE 1. Conserved Quantities Averaged Over Heliocentric Distance
b, < 400 km s ™! 400 km s~! < v, < 600 km 5! 600km s~ <u, Total

M, 10" gs~tgr! 1.49 1+ 0.61 - 1.09 £+ 0.62 0.81 +0.22 1.02 + 0.53
L, AUkms™? 106 + 16.0 234 + 170 —1.55 1+ 20.85 1.71 + 19.11
ML, 10°° dyn cm sr ™! 2.59 + 4.66 0.56 + 4.36 —037 £ 291 042 + 395
& (100 km s™')? 6.86 + 1.08 13.65 + 3.49 24.18 + 3.49 174+ 72
Mg, 10?6 ergs s~ st ! 1.03 + 0.47 1.42 + 0.68 1.94 + 0.56 1.60 + 0.68
Fg, 0T AU? sr™! 2.86 + 1.87 354+ 1.73 315+ 149 3.28 + 1.67
Mie + 4v_?), 1076 ergs s~ sr™* 3.88 + 1.61 3514179 348 + 094 355+ 145
Uy, km s™! 11.82 + 18.12 1.80 £+ 21.16 —2.02 + 34.83 145 + 28.11
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Fig. 2. Total angular momentum flux (ML) and magnetic flux
(F 5) versus heliocentric distance for various ranges of solar wind flow
speed.
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view of the temporal and spatial variability of the solar wind
we thought that the respective errors of the mean are some-
what overoptimistic and less informative than their standard
deviations.

Figure 3 presents a survey of the energy per amu (¢) carried
by a solar wind plasma parcel, the mass flux (M), and energy
flux (Me) of the wind, or equivalently, the total mass and
energy loss rate of the sun per steradian in the ecliptic plane.
The three quantities are plotted on logarithmic scales versus
heliocentric solar distance. Points have been connected by
straight lines to guide the eye. Note that all quantities are
surprisingly constant. Standard deviation bars are largest for
the intermediate-speed regime. There is some overlapping be-
tween the various groups of lines within the error bars, but a
systematic dependence on flow speed is obvious: ¢ increases
with increasing bulk velocity. This is due to the fact that even
at 0.3 AU the total internal energy never contributes more
than 10% to & Therefore ¢ is almost identical to 0.5u,2. The
mass flux in the intermediate panel shows the reversed trend,
with highest fluxes in the slow-speed wind often corresponding
(for the time period under consideration) to plasma nearby the
heliospheric current sheet and magnetic sector boundaries.
These general trends are known from 1-AU observations
[Feldman et al., 1977].

By multiplying M and & one obtains the total energy flux of
the solar wind. Notice, however, that the gravitational poten-
tial is only defined within an integration constant that can be
chosen as the potential difference A¢ between infinity and the
solar surface. A¢ = ¢g5(0) — peRs) = 0.5v,2 according to
(A17). This constant does not alter the top part of Figure 3, as
only a shift in the scale for ¢ results. However, A¢ has an
impact on the total energy flux, as the mass flux varies with
the solar wind speed and thus also-the flux of potential energy.
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Therefore the last panel explicitly displays the quantity M(e +
$v,?). This quantity is remarkably constant and within the
error bars even independent of the flow speed. This result has
not been obtained in this explicit form before from, for exam-
ple, the IMP data [Feldman et al., 1977]. In case of the Helios
observations, Schwenn [1983] has shown that the total energy
flux seems to be a universal constant and remarkably insen-
sitive to the bulk speed. He did not include the alpha particles
in his analysis. However, his statistical basis comprised more
than 2.5 x 10° spectra. Thus it is now experimentally fairly
well established, at least between 0.3 and 1 ‘AlJ, that the
energy supplied by the sun per second to create the highly
structured solar wind is a global constant and not associated
with the stréam structure itself. ' )

We should also sound a note of caution concerning the
above claimed conservation of the total energy flux. Standard
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Fig. 3. Quantities conserved for solar wind flow in the ecliptic
plane with local spherical symmetry: energy per amu or total energy
flux divided by the mass flux (¢), mass loss rate of the sun or total
mass flux (M), flux of kinetic and potential energy (Me), and total
energy flux, including the flux of gravitational potential energy with
respect of the solar sarface. All parameters are displayed (on various
scales) versus radial distance for three solar wind speed classes.
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TABLE 2. Dimensionless Numbers Characterizing the Total Internal Energy State

v,<400kms™' 400kms~'<p,<600kms™! 600kms~'<uy, Total
A 0.92 +0.03 0.88 + 0.07 0.91 £ 0.03 0.90 + 0.02
By 341 +4.11 205 + 2.88 1.32 £ 0.81 1.91 +2.55
N 312+ 442 1.69 + 2.83 111 + 1.04 1.63 + 2.63
o 0.57 + 0.53 0.55 + 042 0.28 + 0.20 044 + 0.38
o, (20%) 0.086 1 0.085 0.095 + 0.078 0.042 + 0.036 0.071 + 0.069
Y 1.59 + 0.09 1.62 + 0.09 1.67 + 0.08 1.64 + 0.09
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deviation bars are large, and within the Helios orbital range; ¢
is entirely dominated by the contribution of the bulk kinetic
energy per amu, iec., by the term 0.5u4,2. For a typical high-
speed lineup of the Helios probes, Schwartz and Marsch
[1983] have given a detailed presentation of the various con-
tributions to ¢ in terms of species and internal degrees of
freedom. For 1 AU the corresponding numbers are contained
in the article by Feldman et al. [1977, Table 5]. The division .of
¢ into its four important constituents according to (2) is dis-
cussed in section 2.4. Also the potentials ¢, and ¢q are then
defined and investigated in detail. The contribution of the
internal energy to & seldom reaches more than 5% at 1 AU;
however, at 0.3 AU its contribution to ¢ can amount to up to
10%.

23. The Radial Evolution of Internal Energy

In this section we discuss Helios observations characterizing
the internal energy state of the electron-proton-alpha particle
plasma of the solar wind. Typical figures for the characteristic
parameters shown below are summarized in Tables 2 and 3.
Figure 4 shows the radial dependence of the effective thermal
speeds that are based on the total pressures parallel and per-
pendicular to the magnetic field direction, i.., v, =(p),,. /p)"*
(as defined in (A10a) and (A10b); note that particularly in
high-velocity streams, the alpha-proton differential speeds , ,
contribute to the total parallel pressure). The last panel dis-
plays the speed v, = (Q,/pu,)"/2. The term v,? represents the
heat flux contribution to ¢ (compare with (A15)). Note that in
a heat flux driven solar wind model one would expect vy? to
be the leading term in ¢ at 1 Rg and to be of the order of {u_ 2

if the major part of the asymptotic kinetic energy originates
from the coronal heat flux. As can be seen from Figure 4, v, is
by about a factor of 2 smaller than v, for all heliocentric
distances accessible to the Helios probes. In approaching the
sun a general trend for all velocities to increase is clearly
visible. This tendency is certainly statistically significant for
vy,,1» Since the standard deviations are small. A similar trend in
vg is less distinct, as the lines are closer to each other and as
there is considerable overlapping within the standard devi-
ation bars. Note also that v, shows the reverse trend as com-
pared with v, in its dependence on the bulk speed. Whereas
in high-speed solar wind the effective thermal speeds are larg-
est, the opposite is true for vy. In a subsequent figure we show
that the reason for this feature is that the total heat flux is
largest in slow solar wind, at least in perihelion at 0.3 AU.

We would like to emphasize again that v, are based on
the total pressures p; , and thus also contain the contribution
from the ‘electron pressure. Summing over all the particle
species smooths out the individual anisotropies and also
weakens the gradients somewhat. For example, proton and
alpha temperatures parallel and perpendicular to the magnetic
field exhibit different radial trends [Marsch et al., 1982a, b].
Furthermore, the electron distributions in general yield T, >
T,, [Feldman et al, 1975, 1977; Pilipp, 1983], whereas high-
speed protons often show T, < T,, [Feldman et al, 1973;
Marsch et al., 1982a]. Averaging over these opposite aniso-
tropies results in a net total pressure anisotropy that is less
pronounced than the anisotropies in the individual particle
distributions.

This finding is displayed in the top part of Figure 5, which

TABLE 3. Parameters Characterizing the Internal Energy at 0.35 AU (0.95 AU)

v, < 400 km s~! 400 km s™* < v, < 600 km s™* 600kms™! <y,
o, km s~ 550 + 109 674 + 144 815 + 88
(38.6 £ 5.9) (534 + 8.3) (60.4 + 5.6)
v,kms™! 50.1 + 5.3 60.2 + 10.6 760 + 7.2
(359 + 4.9) 469+ 1) (532 + 46)
Vg km s~! 33.7 + 239 384 + 18.2 29.3 + 10.2
(18.5 + 13.1) (29.2 + 12.9) (24.8 £+ 10.8)
Q, 10 2ergecm 257! 9.38 + 8.14 599 + 4.14 337+ 1.4
(0.51 + 0.48) (0.73 £ 0.44) (0.51 1 0.31)
Q0,103 ergecm 257! 252+ 3.31 570 + 6.21 10.62 + 5.79
0.09 + 0.11) 024 £ 0.31) (033 1+ 0.20)
u, kms~! 116 1 278 519 ¥ 483 98.5 1 4.5
(—14 % 7.1) (159 £ 199) (L5 + 26.4)
Uy, kms™?! —1.16 + 4.38 —501 + 5.09 —945 + 4.76
(0.12 + 0.57) (—2.09 + 2.69) (—4.48 1+ 4.01)
¢, (100 km s™1)? 0.99 + 0.42 1.32 + 0.45 1.67 + 0.31
(0.39 + 0.15) (0.74 £ 0.20) {0.86 % 0.15)
g (100 km s71)2 0.15+ 0.29 0.20 + 0.26 0.54 + 0.56
©.11 * 0.10) ©.13 1 0.15) (0.18 ¥ 0.17)
v, kms™! 748 + 434 1119 + 478 131.5 +£ 29.3
@15 + 14.8) (559 + 17.6) (683 * 12.5)

Values in parentheses are i'or 095 AU.
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Fig. 4. Effective thermal speeds v, , = (p, L/p)*? and the speed
vo = (Q,/pu,)!"? plotted versus heliocentric distance for high {dotted
curve), intermediate (solid curve), and low (dashed curve) solar wind
speeds. Error bars refer to the standard deviations of the mean for
each radial distance bin of 0.1 AU in width.

shows the ratio A =(v,/v)* (the thermal pressure ratio)
versus radial heliocentric distance. The bottom part displays
B, the ratio between parallel thermal pressure and magnetic
pressure. The ratio 4 typically amounts to 0.9 and; sur-
prisingly, seems to be somewhat higher in fast than in slow
streams, although this trend is not very significant. The declini-
ing course for the curve corresponding to fast wind is compat-
ible with the radial trend in the proton anisotropy. Since in
high-speed streams the proton temperature is higher than the
electron temperature [Feldman et al., 1976], the protons domi-
nate the total pressure there and thus mostly determine its
anisotropy.

The ratio §); exhibits much larger standard deviations than
the ratio A, since the rather large measurement uncertainty of
the ion densities enters linearly into ), whereas it cancels out
in A. The data suggest a slightly increasing trend in 8, with
solar radial distance, although this might appear spurious
considering the large standard deviation bars. The plot for §,
resembles very much that for ) and thus is not shown here.
Averaged values for §, and §, can be found in Table 2. We
find B, =191+ 2.55 and B, = 1.63 £ 2.63, in good agree-
ment with earlier estimates [Feldman et al., 1977].

In discussing Figure 4 we mentioned already that the total
heat flux is largest in slow-speed solar wind. This result is
detailed in Figure 6, which shows. the total heat flux Q. (top)
and the ion heat flux Q, (bottom) versus solar radial distance.
Note that all heat fluxes are plotted logarithmically and that
Q; amounts to less than 10% of the total Q. Thus Q is basi-
cally identical with the electron heat flux Q.. Q and Q, de-
crease by about or even more than an order of magnitude
between 0.3 and 1 AU. Most of this decline is due to the
steeply decreasing mass flux, since, as demonstrated in Figure
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4,052 ='Q,/pu, is almost constant. We do not want to go into
the details of the microstructure of the electron distribution
giving rise to a field-dligned skewness [Feldman et al., 1975;
Rosenbauer et al., 1977] but only want to point out that Q, is
somewhat smaller in fast solar wind streams, at least in peri-
helion, than in slow wind despite the fact that the so-called
electron strahl {Rosenbauer et al., 1976] is most pronounced
in fast streams [Pilipp et al., 1981]. Note, however, the exten-
sive discussion by Pilipp [1983] indicating that microscopic
featurés in electron distribution more distinictly correlate with
the magnetic sector structure than with the ion stream struc-
ture.

Let us concentrate now on the hottom part of Figure 6. As
mentioned before, Q; represents only a minor part of Q, which
is dominated by the electrons. However, thete are some in-
teresting details that are worth mentioning. Close inspection
of the curves shows that Q; exhibits a trend opposite to Q..
Largest values are observed in fast streams, and lowest total
jon heat fluxes occur in slow wind. There is twofold reason for
this. First, the intrinsic proton and alpha particle heat fluxes
[cf. Marsch ét al., 1983, Figure 4] show exactly the same
trend. They also steeply increase toward the sun. Second, as
can be séen from the definition in (A12), and (A13), also en-
thalphy fluxes related to the species motion relative to the
center of mass enter in Q. Ion differential speeds are most
developed in high-velocity streams [Asbridge et al., 1976] and
closely trace the local Alfvén speed [Marsch et al., 1982b].
These two features of the internal structure of ion distri-
butions cause the radial trend as summarized in Figure 6 and
also explain why Q, increases with the solar wind velocity.

The ion speeds relative to the centeér of mass frame are
depicted in Figure 7, which shows u, and u, in kilometers per

—mem e h00 e vp > 600
400 = v, =600 {km 5]

T T T T T T T
1.00 7]
095F |, g4 } A

i’// 1‘{ .. P e ]
\ -’
A 090 A P AN .
- .
—t
0.85
0.80 C 1
10 —:
[ / ]
S i / \\ ]
et ’ N
B|| i > N
Ry I
/

1 '_ -------- —-
0.5 -

0.3 | 1 1 1 1 | 1

03 04 05 06 07 08 09 10
R[AU]I

Fig. 5. Ratio (A4) of total thermal pressures perpendicular and
parallel to the magnetic field and ratio (§) of the parallel thermal
pressure to the magnetic field pressure shown as a function of radial
distance in AU.
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second versus heliocentric distance. The aforementioned trend
is obvious. Note that the speed difference can be large at 0.3
AU with Av,, = u, — u, = 110 km s ™! compared with a corre-
sponding Alfvén speed of v, = 130 km s~ 1. A detailed review
on the ion differential speed phenomenon is given by Neuge-
bauer [1981]. Although the shift of the protons back to the
sun in the solar wind frame is only a few kilometers, per
second, it has to be taken into account in balancing the op-
positely directed proton heat flux. This aspect has been
elucidated by Schwartz and Marsch [1983] in their lineup
study on the radial evolution of internal ion energy. If the
trend continues that Av,, traces roughly the Alfvén speed,
the contribution of Q; to the total heat flux might become
quite large, as the Alfvén speed further increases in ap-
proaching the sun. Similarly, the anisotropy stresses in the
total pressure might increase closer to the solar corona.
However, since the true course of Av,, has not been
observed directly below 0.3 AU and since too little is known
about this important region, we shall not pursue our specula-
tion further. However, we would like to stress the possible
important role played by the proton-alpha differential speed
for the evolution of the internal ion energy.

The final topic in this section is the discussion of the ef-
fective polytropic index y, as defined in (A21), in order to cast
the thermal potential ¢ in a form (equation (A22)) that re-
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Fig. 6. Total heat flux (Q) of the multicomponent plasma with
respect to the center of mass frame (top) and the corresponding total
ion heat flux (bottom) are shown in dependence upon heliocentric
distance for three solar wind speed classes. Note the different loga-
rithmic scales for the heat fluxes.
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Fig. 7. Ionic speeds relative to the center of mass frame (solar
wind bulk frame) for alphas (top) and protons (bottom) versus heli-
ocentric distance for various solar wind velocities.

sembles the expression for a polytropic equation of state. Be-
sides the pressure ratio A4, also the quantities a) ,, defined in
(A19) and referred to as normalized heat fluxes, enter the for-
mula for y in the combination ¥« + 2A4«,) = (vg/v)))>. Thus
ay.. resembles in character the quantities 4 and B, ,, all of
which are defined as squared ratios of typical MHD speeds in
the plasma. By definition, ¢ , are based on known quantities
that can be estimated from in situ measurements. Unfortu-
nately, the two intrinsic heat flux components g and ¢, have
not been calculated separately on a routine basis in the Helios
data analysis. Inspection of individual spectra of electrons (W.
G. Pilipp, private communication, 1983) and ions yield ratios
of q, /g between a few percent and about 30%. The top part
of Figure 8 shows a, in our standard format versus radial
distance from the sun. Here we used «, = 0.2 . The course
for «, is very similar to & (since the total heat flux is domi-
nated by the intrinsic electron heat flux) and thus not shown
explicitly. Note the logarithmic scale for o, and the fairly large
standard deviation bars. Numerical parameters are given in
Table 2.

According to Figure 8, o, varies typically between 0.1 and 1
and attains its smallest values in high-speed wind. This reflects
the dependence of the total heat flux on bulk speed, as demon-
strated in Figure 6. Also, the larger thermal speed in high-
velocity solar wind streams results in relatively small values of
ay. However, in view of the pronounced radial variations of
the mass flux (~r~2, see Figure 3) and of the total heat flux
one finds o to be remarkably insensitive to heliocentric dis-
tance. The same holds for vy, plotted in Figure 4; v, exhibits
an even weaker dependence on the bulk speed than o,

It should be noted in this context that an o, parameter
similar to ours has been introduced phenomenologically by
Hollweg [1976] in order to establish an electron heat flux law
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in the collisionless regime of the solar wind expansion where
the classical heat conduction law [Spitzer, 1962] due to Cou-
lomb collision does not apply any more. In accordance with
Figure 8, Hollweg [1976] estimated his «, to be of order unity
or slightly below. Certainly, the numerical values of &) ,, as
defined in the appendix, depend on the detailed shape of the
electron and ion distribution functions that theoretically can
correctly be described only within the framework of kinetic
theory. All that is required in our fluid model, however, is the
heat flux itself, which may originate from a variety of underly-
ing features in the electron distribution, such as an exospheric
“strahl” [Rosenbauer et al., 1976] or simply a slight skewness
in the thermal regime. Since our estimate of «) , is based on
the overall measured distribution, it automatically includes all
these features. As an empirical parameter «) , is fairly general
and may be used irrespective of the detailed microphysics of
the heat conduction.

The pressure ratio 4 and the quantities « , or vy are the
basic parameters of the polytropic index y that may also be
expressed by (see equations (A19)-(A21))

Yy — 1) = (1 +24)2 + (vg/v))* 0]

This emphasizes the importance of vy, displayed in Figure 4.
An inspection of Figure 8 shows that y is fairly insensitive to
the distance from the sun. Within the standard deviation bars
no significant radial trend appears. Obviously, the y values
corresponding to fast solar wind closely approach the canoni-
cal value of 3, associated with isotropic, adiabatic expansion.
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This is very surprising in view of the variety of nonthermal
characteristics in the ion [Marsch et al., 1982a, b] and electron
[Feldman et al., 1975; Pilipp, 1983] distribution functions in
high-speed streams. On the other hand 7, as define in (1),
depends only on the characteristics of the overall particle dis-
tribution function composited by all the different particle
species considered here. Figure 8 clearly demonstrates that
from a dynamical point of view the heat flux is of rather minor
importance between 0.3 and 1 AU. If the degradation of the
generalized heat flux of the solar wind electrons and ions
could actually be considered to be the only interplanetary
source of internal particle energy, we might conclude that the
high-velocity plasma expands almost adiabatically beyond 0.3
AU. But there exist other possible sources of nonadiabaticity.
Wave turbulence is the most obvious example. We do not
intend to address this complicated topic here and must there-
fore admit that our present data do not allow a final statement
about adiabaticity. Our findings indicate, however, that even
the comparatively close approach of the Helios probes to the
sun is still far too distant in order to detect directly any influ-
ence of the electron heat flux, as the most prominent term in
Q, on the bulk dynamics of the fast solar wind.

From Figure 8 we find that in low-speed wind, on average,
y =~ 1.6 + 0.1, which is somewhat smaller than the adiabatic
value. This is due to the fact that the heat flux and thus v, are
generally larger in slow than in fast streams (see again Figures
4 and 6). Numerical parameters are given in Table 3. Taking
the y value averaged over our total data set as y = 1.64 + 0.1,
one might claim that at least within the Helios orbital range
an isotropic, adiabatic equation of state for the total plasma
pressure could possibly exist. This result is remarkable insofar
as the diverging field geometry generally tends to produce
anisotropies in the pressure that can only be counterbalanced
by Coulomb collisions or other anomalous collisional iso-
tropization effects. Indeed, Coulomb collisions are able to iso-
tropize major parts of the electron distribution, as inferred in a
paper by Ogilvie and Scudder [1978]. However, they are
unable to prevent the formation of heat flux carrying high-
energy (exospheric) tails, as shown in a paper by Lemons and
Feldman [1983]. The same comment applies to the ions.
Marsch and Goldstein [1983] have shown that central parts of
proton distributions are at times eflectively isotropized by
Coulomb collisions, although the formation of double peaks
and heat flux shoulders cannot be prevented by collisions. In
addition to Coulomb collisions, a variety of plasma microin-
stabilities [Schwarz, 1980] can limit the formation of pro-
nounced anisotropies and third-order moments. Nevertheless,
a complete understanding of the combined action of all these
dissipative processes on the composite particle distribution
has not yet been achieved.

24. Kinetic Energy and Potentials

In order to enable a separate discussion of the different
physical terms leading as a sum to a coronal expansion
(within a multicomponent, anisotropic, yet one-fluid, ther-
mally driven solar wind model), we may introduce the follow-
ing scenario. The radially expanding corona is visualized in
terms of the motion of a single particle (its kinetic energy per
amu is $u,?) retained by the binding solar gravitational poten-
tial and accelerated away from the sun by forces arising from
the magnetorotational potential ¢ (comprising azimuthal ki-
netic energy and Poynting flux) and the thermal potential ¢,
(comprising enthalpy and heat flux). Actually, these potentials
involve the self-consistent density compatible with a given
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mass loss rate M. They should thus be written as ¢q(p(r), r)
and ¢4(p(r), r) to indicate the dependence on the local plasma
density. The total energy per amu, ¢, is a conserved quantity

e=3u’+do+dr+dg @

Since the gravitational potential represents an external force
acting on the wind, ¢ does only depend on heliocentric dis-
tance. It is given in the appendix by (A17). The other poten-
tials are detailed in measurable quantities in (A16) and (A18)
of the appendix. They depend in a self-consistent fashion on
the bulk flow parameters and intrinsic thermal properties of
the wind. In the subsequent figures we plotted the four terms
adding up to ¢ versus radial solar distance. We have already
displayed ¢ itself in Figure 3. It is again recalled to the reader
that in terms of fluid quantities, ¢ is the total energy flux
divided by the mass flux. This quantity is most relevant for
determining the radial flow speed u,, for example, at 1 AU
[Holzer and Leer, 1980].

In Figures 9a-9¢ we show the bulk kinetic energy of the
radial flow as well as the thermal, magnetorotational, and
gravitational potential against solar radial distance and for
the three different solar wind speed classes separately. Note
that scales for 4u,? are different, since this term dominates the
others by more than an order of magnitude. For all speed
regimes the potential ¢, almost compensates the negative
gravitational potential ¢; which is weak only at distances
larger than 0.3 AU, where the escape velocity to infinity is
about 77 km s~! compared with 618 km s~! at the solar
surface. If we write @, in equivalent speeds as ¢ = 41,2, we
would find from Figure 9 that vy &~ 30-60 km s~ 1. The poten-
tial ¢ is almost constant between 0.3 and 1 AU. The reason
is that for r > r, according to (A16) ¢q is dominated by B,?/
4rnp, ie., the azimuthal Alfvén velocity squared, which is
roughly constant. There is slight trend for ¢, to increase with
bulk speed at a fixed radial distance, particularly in Figure 9c¢.
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Fig. 9b. Constituents of ¢ versus radial distance from the sun for
intermediate flow speeds of the protons (400 < v, < 600 km s~*). The
format is the same as that used in Figure 9a.

However, this trend is based on poor statistical ground be-
cause of the large standard deviation bars. These arise from
the large mesaurement uncertainties in u, and B, that enter
¢q. They possibly also reflect wave turbulence that tends to
produce larger average values of u, and B, than can be ex-
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pected from the smooth numbers pertaining to the Parker
spiral within the WD model. Nevertheless, taking the
measurements at face value, on could infer an increasing trend
for ¢g, in high-speed streams (Figure 9¢), as when approaching
the sun. By theoretical arguments we expect, however, ¢q
never to become comparable with, say, ¢;. Thus the radial
acceleration of the solar wind by the magnetorotational po-
tential is negligible as compared with thermal pressure gradi-
ent forces. Namely, in a theoretical paper, Barnes [1974] in-
vestigated the Poynting flux associated with the spiral mag-
netic field (which is one ingredient of ¢g) and theoretically
concluded that the magnetic forces cannot achieve significant
radial acceleration.

If the real solar wind is required to start with a velocity
u, = 0 somewhere deep in the corona, there remains only the
thermal potential as to both lift the plasma out of the re-
straining gravitational trough and accelerate it up to the in
situ observed velocity u,. The bulk kinetic energy of radial
motion and the thermal potential ¢, are plotted in Figures
9a-9c for the various speed regimes. The term 4u,2 is found to
be fairly constant without any distinct trend. Typical values
for the kinetic energy are given in Table 1. Note that scales are
different for ¢, and 4u,2. The respective second panel in
Figure 9 shows the thermal potential, which is almost equal to
¢r=7v/y — 1)u||2 according to (A22) and the results in Figure
5 (4 = 0.9). Since we found y to be close to § for all speed
classes (see Figure 8), we may conclude that ¢ is almost equal
to 3¥,> within the orbital range of Helios. The thermal poten-
tial ¢, progressively increases with decreasing heliocentric
distance by a factor of about 2 between 1.0 and 03 AU.
This trend is statistically significant for the three solar wind
speed classes. In the perihelion a ¢, of about 10% of 4u,2 is
typical.

3. SuMMARY AND CONCLUSIONS

We have investigated bulk and internal energy plasma pa-
rameters of the solar wind based on the Helios data set cover-
ing heliocentric distances between 0.3 and 1 AU. Our study
was guided by theoretical ideas developed in many theoretical
papers, quoted in the introduction, in which models for a
thermally driven, multicomponent, and anisotropic solar wind
have been developed. We need to keep in mind the many
limitations and possible sources of inaccuracy in our data set.
Mean values for the relevant parameters and corresponding
standard deviations are given in Tables 1, 2, and 3. Our main
observational findings are listed below.

1. Total angular momentum flux ML is the range of (0.42
+ 3.95) x 10°° dyn cm sr™! for our limited data set. This
figure is in accordance with a more comprehensive study by
Pizzo et al. [1983].

2. In accordance with Gauss’ law we find Fp = r?B, to be
rather constant and not very sensitive to heliocentric distance
and flow speed with a total average of Fy = (3.28 + 1.67) nT
(AU)? st~ 1.

3. Within experimental uncertainties the expected in-
variants &, M, Me, and M(c — ¢¢(Rg)) are actually found to be
fairly constant. The total energy per amu, &, is extremely well
conserved in high-velocity streams. With the exception of the
last quantity the other invariants are dependent on solar wind
flow velocity and confirm the typical trends reported from
1-AU observations [Feldman et al., 1977].

4. If one converts the mass loss rate of the sun (average
M =(1.02 + 0.53) x 10** g s~ sr~ 1) into an ion number den-
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sity flux at 1 AU, one finds for j; = ngu ¢ a very narrow range
of 2% jz 24 x 108 cm~2 s™!. This is one of the best es-
tablished observational constraints on solar wind expansion
(see also Leer and Holzer [1979).

5. The total energy flux M(e + 4v,,2) = S; is surprisingly
constant and independent of flow velocity. This result has also
been established with much larger statistical significance by
Schwenn [1983]. For our limited data set we find S = (3.55
+ 1.45) x 10%% ergs s~ ! s . This uniformity of S; may have
an important, yet unknown physical reason.

6. The total pressure anisotropy of the multicomponent
(electron, proton, alpha particle) plasma turns out to be close
to 1. We find A =09 and only a weak dependence on flow
speed. This does not necessarily imply isotropic partial pres-
sures of the individual constituents. But it suggests that within
the one-fluid picture of the solar wind an isotropic total pres-
sure is a reasonable assumption in modeling the flow, at least
between 0.3 and 1 AU.

7. Particle heat fluxes exhibit strong radial gradients and
vary considerably with the solar wind speed. The contribution
of the ions (double peaks and ion differential streaming) to the
total heat flux never exceeds 10% within the Helios orbital
range. The expression uqz = Q,/pu, is the quantity to be com-
pared with the specific kinetic energy 4u,2. The speed v, turns
out to be only weakly dependent on flow speed and varies
smoothly with radius with a typical total average of vy = (28.4
+ 13.3) km s~ !. This value is less than any thermal speed, and
it indicates that the heat flux is without dynamical importance
for the wind expansion within 0.3 and 1 AU. This result may
also be expressed in terms of a polytropic index y.

8. The polytropic index y, as defined in (1), is within its
errors equal to § and somewhat smaller in slow wind. Thus
from the Helios observations we find the rather interesting
result that the high-speed plasma seems to expand nearly
adiabatically between 0.3 and 1 AU with an almost isotropic
total pressure, as far as only the degradation of the heat flux is
accounted for as a possible interplanetary source of internal
energy. However, there may be other sources (wave turbu-
lence) that could lead to a nonadiabatic behavior.

9. A brief discussion of the solar wind expansion has been
given, whereby the analogy with a single particle moving in
various potentials provides a transparent picture to under-
stand the dynamics. The most significant radial trend is ob-
served in the thermal potential ¢, which increases by about a
factor of 2 in approaching the sun. As expected from theoreti-
cal arguments, the magnetorotational potential ¢ is com-
paratively small and only about sufficient as to compensate
the negative gravitational potential, which is rather weak
within the Helios orbital range from 0.3 to 1 AU.

Finally, we address a point in which the reader could possi-
bly see a contradiction between the results of Figure 4 and 8.
The polytropic index y has been evaluated spectrum by spec-
trum as a local parameter and has then been averaged over
heliocentric distance. Since we find y = %, we would conclude
that adiabaticity prevails if no sources of internal energy other
than heat flux degradation existed in the interplanetary
medium. If we assume for the moment this to be the case, then
we expect the thermal speeds to vary as v =v, 2~ p' ! =
p* with local density, and consequently v ~ R™%3 for a
density dependence such as R~ 2 on heliocentric distance. This,
however is not what Figure 4 shows. A least squares fit yields
a power law dependence v, ~ R® with & ranging between
—(0.3-0.4), which is smaller than the adiabatic value of —0.66
by almost a factor of 2. However, the conclusion that these
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observations indicate that the plasma behaves nonadiabati-
cally is not as ebvious as it miglit appear at a first glance. The
real solar wind as actually measured by Helios is highly struc-
tured, and the data sampled in the radial distance bins of
Figure 4 are associated with different flux tubes. This fact can
seriously bias the results if a polytropic index is indirectly
inferred from the radial plot of v , in Figure 4.

We may estimate the power law index é for the radial tem-
perature plot from the formula

6 = In (v))1/v)2)/In.(Ry/R;) )

where R, > R; without loss of generality and vjj1,2 are the
thermal speeds as measured at the heliocentric distance R, ,.
Lét us assume that a polytropic equation of state with index y
exists, and thus locally we have

v 2 =50 p/po) ! C)]

Since the solar wind is not homogeneous, the normalization
constants v, and p, may vary from flux tube to flux tube,
corresponding to different temperature and density at some
arbitrary (coronal) reference level R, If we further assumie that

p = polR/R)™ ®)

wiiich seems reasonable according to Figure 3, we finally
obtain a relation between  and y by

6 =1 =9+ In (v0V/v)o®)/In (R,/R,) 6)

If the reference thermal speeds.at R, (in a structured corona,
for example) varies within different flux tubes, the second term
is nonzero. It vanishes only for a strictly homogeneous solar
wind. This term could lead to a drastic overestimation of é as
compared to the 1 — y = —# adiabatic value. The worst case
could be that for the two adjacent bins at R, =095 and
R, =085 AU the reference value vo" is largest and vyo®
the lowest of our ensemble with average 4, and standard
deviation Av)jo. Thus we may estlmate the correction Ad in (6)
with 1)“0( )= v"o + Av"o and U"o = 1)"0 - Al)"o as

Ad=9-2 Av“o/ﬁuo (7)

For a relative fluctuation of a few percent in 4 we obtain
Ad = = O(1) for this worst case estimate. Since § results from an
average over many pairs of poiiits and since also the case
o' < ),0'? could occur, the actual Ad is certainly smaller
but still could be expected to give a large correction to (1 — 7).

This discussion may serve as a warning for the reader. One
cannot readily infer from the comparatively flat average radial
profile of v, in Figure 4 that adiabaticity does not prevail.
Two alternative, or eveni simultaneous, conclusions are then
allowed. First, if one argues that Aé is much smaller than 1,
because the unknown Av)o/;o may be very small, then the
results of Figure 4 indicate that the true polytropic index 7
must be smaller than $. This would imply another interplan-
etary source of thermal energy, denoted by the energy flux
density Qu 1, which, for example, could be associated with
waves and turbulence. We would than argue that this source is
missing in the definition of y in (1) and thus we should use
instead

Y7 —1)= 1y — 1) + wwr /o)) ®

where vy = (Qwr/pu,)!/? is the typical equivalent speed relat-
ed to Q. The definition (8) follows from the discussion of
polytropic models in Parker’s [1963] book. The § from Figure
4 is about $; thus we must have_(vyr/v))* = § in order to
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account for the required heating. If we take the velocity fluctu-
tions dv associated w1th Alfvén waves, after Feldman et al.
[1977] we have vy1? = (dv?) = (35 km s~ ')? ini high-velocity
streams at 1 AU. This nuinber is somewhat smaller than our
v, at 0.95 AU, given in Table 3. However, closer to the sun,
particularly ini perihelion at 0.3 AU, the Helios observations
yield a ratio of the Alfvén wave energy flux to the total en-
thalpy flux to order 1 or even slightly larger (see Denskat
[1982, Table 5] or Denskat et al. [1981]). Thus by this simple
energy argument it becomes clear that Alfvén wave damping
could provide enough internal energy in order to account for
nonadiabatic temperature profiles. We do not want to belabor
this point too much but refer for details to the theoretical
review by Hollweg [1978]. We could diminish the uncertainty
Ad, introduced into our analysis by sampling different flux
tubes, by relying solely on Helios lineup data. This has been
done by Schwartz and Marsch [1983] for a typical high-
velocity stream. But even then one is forced to average data
over many measurement cycles, and thus one introduces sta-
tistical errors due to small-scale fluctuations.

- The opposite conclusion from our results would be to reject
the possibility of heat sources other than owing to particle
heat flux degradation. Then the apparent discrepancy between
the y in Figure 8 and the indirectly inferred § from Figure 4
must be éntirely attributed to the uncertain Ad given by the
second terrh in (6) and estimated roughly by (7). We may then
conclude that our estimates of Ad are compatible with an
adiabatic expansion, where all nonadiabaticity can be ex-
plained by data sampling effects. This would necessarily imply
that the Alfvén waves propagate more or less undamped be-
tween 0.3 and 1 AU. This possibility cannot be ruled out, since
the observed reduction in the Alfvénwave energy flux [Dens-
kat et al., 1981] can within the experimental uncertainty en-
tirely be explained by the expected natural decrease due to the
work done by the Alfvén wave pressure on the expanding
wind [Belcher, 1971].

We may reconcile these two extreme positions by admitting
that both explanations are partly valid. Within experimental
error and by fully realizing the serious limitations of our data
analysis we cannot with certainty decide the question whether
the solar wind, considered as a single fluid, expands adia-
batically or not within the Helios orbital range between 0.3
and 1 AU.

APPENDIX

In this appendix we briefly summariz¢ some mathematical
equations and definitions of various parameters that have
been analyzed experimentally by using the Helios data. For
relevant references see the papers quoted in the introduction
and the basic work by Weber and Davis [1967]. We shall
adopt most of their formulas. However, we do not use a scalar
pressure but the CGL pressure tensor instead and generalize
the WD model insofar as we do not assume a polytropic
equation of state but rather include the heat flux explicitly.
Furthermore, since we allow for ion relative streaming, ad-
ditional terms associated with the differential ion speed u;
appear in the total pressure and heat flux. All the other basic
postulates of the WD model remain unaltered. Therefore the
flow velocity and magnetic field vectors are only considered in
the ecliptic plane, and it is assumed that their dependence on r
is given by
(A1)

(A2

u = u/rle, + uy(rle,
B = B/(r)e, + By(rle,
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Then the radial magnetic field component is determined from
Gauss’ law by

B, = F, (A3)

The magnetic flux through an atbitrarily chosen reference
sphere around the sun is one of the constants of miotion and
can readily be obtained from in situ measurements. The radial
evolution of the magnetic field component B, is governed by
Maxwell’s equations and intimately related to the flow veloci-
ty via Ohm’s law for the perfectly conducting solar wind
plasma. In spherical coordinates one obtains from the curl of
the electric field

Hu,B, — u,B,) = const = —Qr*B, = —QF  (Ad)

Within WD’s model the constant Q can be consistently in-
terpreted as the ordinary angular velocity of the sun at the
photosphere, and thus (A4) yields no new constant of motion
in addition to (A3). The equation of continuity implies the
existence of another global constarnit of motion, which is the
total mass loss rate of the sun per steradian,

r’ou, =M (A5)

which, can be inferred from the Helios space probe plasma
data between 0.3 and ! AU. In spherical coordinates the bal-
ance of mechanical and magnetic stresses involves for the ¢
and r components of the tensor =

1d
r—3 E (r37r¢,) =0 (A6)
Here the total stress tensor is defined by
n = puu + P + (1/4n)f$B*1 — BB) (A7)

The thermal pressure is obtained by summing over the species
intrinsic partial pressures (p; is their mass density) and also
contdins the kinetic energy density associated with ion differ-
ential movement.

P= Z pil(v;* + u;>)bb + v;, *(1 — bb)] (A8)
J

Here the species thermal speeds vjy,, = (T}, /m)'/* are ex-
pressed by the temperatures parallel and perpendicular to the
magnetic field B(b = B/B), and u; is the speed relative to the
center of mass frame u; = u;b = v; — u, where v; is the species’
main velocity. Note that the relative streaming enters in the
total pressure exactly like the parallel thermal speed. With
(A5), (A7), and (A8), equation (A6) can be cast into the form
ML = const, where the specific angular momentum per amu,
L, is another constant of motion.

B,B, !
rHu, — ——
¢ 4pu,

The total angular momentum per unit mass comprises the
particles’ angular momentum, the magnetic torque, and ther-
mal anisotropy torque, which in the solar wind plasma pro-
duces only a small correction [see Weber, 1970] to the iso-
tropic angular momentum loss rate ML of the sun. We intro-
duce the effective thermal speeds parallel

4np

-5 0 = uﬁ)]} =L (a9

U" 2= Z ﬁ](vj" 2 + u_,z) (AlOa)
J

and perpendicular

v,2=Y ;2 (A10b)
J
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to the magnetic field and §; = p;/p, which is the fractional
mass density of the species j.

Finally, as an equation for the radial flow velocity compo-
nent u, it is not advantageous to use directly the radial mo-
mentum equation. We may use instead the energy equation
with the total energy flux density (Tr denotes the trace of a
tensor)

GM;

S=%puu2+%TrPu+P-u+Q+4iExB—pu
n

(Al1)

The total heat flux vector is given by Q = $(Q,, + 2Q,)b. Here
Q.. refers to the center of mass frame and thus comprises
intrinsic heat fluxes g, , and enthalpy fluxes related to the
species relative motion. One obtains

Q=X (@5 + 3puvy* + pu® (A12)
J

0, = Z (4. + pjuvis?) (A13)
J

for the multicomponent plasma. Note that also the species

relative motion contributes to the total heat flux. The diver-

gence of the total energy flux density reads in spherical coordi-

nates

14

27 r28)=0

(A14)
and thus yields another constant of motion, Me, where ¢ =
S,/pu,. This is the energy flux divided by the mass flux or the
energy per amu. This quantity is the most important one if
one is interested in the evolution of the flow speed, since ¢ is a
streamline constant and at 1 AU one finds u;,y = (26)!/? in
the highly supersonic flow. The meaning and importance of ¢
in modeling the solar wind has been emphasized and demon-
strated by Holzer and Leer [1980]. For one radial lineup of
Helios 1 and 2, ¢ has been analyzed in all its constituents by
Schwartz and Marsch [1983]. Since ¢ is not affected by the
actual divergence of the flux tube, it should be insensitive to
effects of rapidly diverging flux tubes. Some algebraic manipu-
lations give
2
By _uyBB 1

1
8=%ur2+%“¢2+ Tr P + —eu:P

4np u, 4np 2p u,
M

+ 2 Y (A15)
pu, r

Various terms in (A15) can be grouped together in order to
define potentials in the following way. The “magneto-
rotational” potential combines the terms associated with the
azimuthal kinetic energy and the Poynting flux as

B, u, B,B,

1 2
g =3u,’ + anp (A16)

u, 4np
Within the WD model this potential solely depends on heli-
ocentric distance and the Alfvén Mach number and is pro-
portional to L.

The “gravitational potential” can be written as

R
(DG = - %vmz(Ts)

where v,, denotes the escape speed from the solar surface to
infinity. Note that v, = 618 km s~ ' is a large number com-

(A17)
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parable to typical solar wind speeds at 1 AU in recurrent
high-velocity streams.

Finally, we define a “thermal potential” ®, comprising the
pressure and heat flux terms in (A15). The quantity ®; attains

the form
B,\? B, u
=L(p.2 2 2_, 2} (1 ¢
O =30 + 40,7 + 0,7 — 0, ’(3)( +3 u')
+ Q) +20)) B, (A18)
7 ‘ pu B

We introduce the following notation for the normalized heat
fluxes

ay.. = Qy..B /(pu By %)

and the total pressure ratio or ratio of the squared thermal
speeds by

(A19)

A= ('712/17|| 2)

Furthermore, it is convenient to define an “effective” poly-
tropic index y by

2y —1D =140 +24(1 + a))

(A20)

(A21)
Then ¢, may also be rewritten with the help of (A4) as

oo YV B B,
oomn( e a0 22 (14(2))) am

This equation allows us to consider various interesting limits
and a detailed comparison with data and previous theoretical
models where a local equation of state was assumed to exist.
Clearly, by definition, y and the anisotropy A depend on r. If
we restrict ourselves to the case 4 = 1 and constant y corre-
sponding to constant o, profiles, we regain the polytropic
thermal potential, whereby ,%/p"~' = const. We can now
write the equation for the radial velocity component of the
solar wind bulk flow in the compact form of (2).

Given a thermal potential ®,, equations (A3), (A4), (AS5),
(A9), and (2) provide a complete set of equations in order to
determine the vectors in (A1) and (A2) and the density p. This
will not be done in the present paper. Instead, we provide
observational constraints on M, L, &, and F,, which may serve
as integration constants in solar wind models. A final com-
ment concerns the solar wind linear momentum flux, which is
found to be conserved by Steinitz and Eyni [1980]. Appar-
ently, this cannot be strictly true for all radial distances, be-
cause the expanding solar wind has continuously to do work
against solar gravity. However, if we have u, » v, u,, v, and
u, larger than the local escape velocity from the sun’s gravi-
tational field (all of which is usually true between 0.3 and 1
AU), then the radial component of the momentum equation is
simply given by

1d

gl (r’pu,) =0 (A23)
Thus the solar wind linear momentum flux is conserved. Since
u, itself is fairly constant beyond 0.3 AU, conservation of the
mass flux implies 4,M = const, and therefore (A23) is fulfilled.
Our results presented in Figure 3 implicitly contain conser-
vation of r?pu,?. Explicit numbers for an even larger Helios
data set can be obtained from Schwenn [1983]. In the present
study we did not consider the linear momentum, since it is not
a global constant of radial motion of the solar wind. What
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remains a puzzle, however, is that like ¢ + 4v_2 also u,M is
found to be independent of the stream structure [Steinitz and
Eyni, 1980; Schwenn, 1983].
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