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We first discuss theoretically the relative importance and the behavior of the two basic terms adding to 
the total angular momentum flux, the angular momentum of the particles (electrons, protons and alpha 
particles) and of the magnetic field stresses, respectively. Second, we analyze these two quantities with 
respect to their dependence on heliocentric distance by using the Helios 1 and 2 plasma and interplan- 
etary magnetic field observations between 0.3 and 1 AU classified according to low-speed (< 400 km 
s-x), intermediate (400-600 km s-x), and high-speed (> 600 km s-x) solar wind for the 1975-1976 epoch. 
Applying now these results as well as various combinations of the constants of motion for the solar wind 
(such as the total angular momentum flux, the mass flux, and the magnetic flux) and their observational 
constraints, as deduced earlier by Marsch and Richter (1984), we finally present various methods (1) to 
derive the values of several characteristic solar wind plasma and magnetic field parameters at the Alfv•n 
critical points, (2) to estimate their locations above the solar surface, and (3) to obtain the radial slope of 
the associated solar wind velocity profiles for the three solar wind classes separately. 

1. INTRODUCTION 

The angular momentum that is lost by the sun to the ex- 
panding corona and the solar wind is one of the sun's key 
features from an astrophysical point of view. Weber and Davis 
[1967] (WD), in a pioneering paper, were the first to succeed 
in self-consistently solving the fluid equations, which describe 
the transport of particles' mechanical and magnetic field 
stresses in the expanding solar wind. The angular momentum 
per atomic mass unit L lost by the sun is simply given by the 
formula L = f]r,• 2 corresponding to rigid body corotation out 
to the so-called Alfv•n radius r,• (here f• denotes the sun's 
angular rotation frequency resulting in a corotational speed of 
f•Rs = 2 km s-• at the solar surface on the sun's equator). 
There have been many early attempts to estimate L by in situ 
observations at 1 AU [see Lazarus and Goldstein, 1971, and 
references therein]. All these efforts resulted in estimates of the 
azimuthal flow velocity u, at 1 AU ranging from about 1 to 10 
km s-•, values that were often larger than predicted by the 
WD model. Also, Lazarus and Goldstein [1971] found that the 
dominant contribution to L arises from the particles' mechani- 
cal stresses Lp and not from the magnetic field stresses LM, an 
observation considered as being at variance with the theoreti- 
cal predictions of the WD model. 

From a recent determination of L by Helios measurements, 
Pizzo et al. [1983] yielded values somewhat smaller than pre- 
vious ones. They found the total angular momentum flux per 
steradian to be about 0.2-0.3 1030 dyn cm sr-• and a distri- 
bution of fluxes between particles and fields very near the 1:3 
ratio of the WD model. Another important new finding in 
their study was that the alpha particle flow direction differed 
considerably from that of the protons in high-speed streams. 
This differential movement aligned with the local magnetic 
field (that on the average coincides with the Parker spiral) 
leads to a negatiye contribution of the alphas to L. It is of the 
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order of -0.1 1030 dyn cm sr -• which offsets the protons' 
angular momentum. Pizzo et al. [1983] found that the ob- 
served total angular momentum depends on the flow speed 
with a clear indication for slow wind to carry positive (in the 
sense of corotation) and fast wind to exhibit even negative 
angular momentum. This was interpreted to be due to inter- 
planetary stream interactions. The data set used was biased 
toward intermediate and high-speed solar wind (>400 km 
s-•), whereas the Mariner 5 data used by Lazarus and Gold- 
stein [1971] were mainly sampled over slow solar wind with 

-1 velocities of • 400 km s 

However, in all these comparisons it has been overlooked 
entirely that the theoretical result for L•,/L•I • 1/3 of Weber 
and Davis [1967] pertained to very specific boundary con- 
ditions at the earth (URE = 400 km s-•) and to a polytropic 
outflow. Their calculation was only meant to be an illustrative 
example and by no means to hold generally. Unfortunately, 
the ratio L•,/L•I = 1/3 was later on referred to as a canonical 
number, and experimenters apparently forgot about the very 
restricted validity of the original model calculations by WD. 
However, their theoretical framework was indeed more gener- 
al than indicated by the illustrative model calculation. Meyer 
and Pfirsch [1969], Weber and Davis [1970], and Acuna and 
Whang [1976] have generalized the model to the case of a 
multicomponent, anisotropic plasma. These extensions of the 
original model have been necessitated as well by the recent 
Helios plasma observations, particular in perihelion at 0.3 AU, 
that suggest to treat the alpha particles not any longer as 
minor ions but as major constituents of the solar wind plasma 
(see also review by Neugebauer [1981]). 

Within this general theoretical framework, we show in this 
paper that one may conceive a wide variety of solar wind 
flows ranging from an expansion where most of the angular 
momentum is carried by the particles to a solar wind where L 
is dominated by magnetic field stresses. The ratio of L•,/L•I is 
found to be entirely determined by the Mach number profile, 
i.e., by the radial profiles of the Alfv6n speed and the radial 
bulk velocity component u,. Our presentation supplements the 
theoretical papers by Weber and Davis [1967] and Acuna and 
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Whang [1976] and intends to clarify the important issue on 
how the total angular moment'um is distributed between parti- 
cles and fields. Concerning the Helios observations to be dis- 
cussed below we aime•to complement the work by Pizzo et al. 
[1983] who presented the most recent and reliable determi- 
nation of the solar wind angular momentum flux from Helios 
data. As a result, they also derived an estimate of the Alfv6n 
radius ranging between 12 and 14 Rs. We will use a subset of 
their data and shall not again extensively discuss the experi- 
mental problems. A second and major goal of our paper is to 
derive additional, critical parameters at the Alfv6n point r A. 
These are, the flow speed itself, that is equal to the Alfvbn 
speed by definition, the critical particle number density, the 
magnetic field strength, and the radial acceleration of the flow. 

The paper is organized as follows. The first section contains 
the theoretical discussion on the specific angular momenta LB 
and LM that constitute the total L. Various limits, as a func- 
tion of heliocentric distance, for the ratio Lp/LM are evaluated. 
The second section presents Helios observations between 0.3 
and 1 AU, which can serve to infer the plasma and magnetic 
field parameters at the Alfvbn critical point. A final section 
presents a summary arid conclusions. 

2. ANGULAR MOMENTUM AND ITS DISTRIBUTION 

BETWEEN PARTICLES AND FIELD 

This section is devoted to a thorough discussion of the total 
solar wind angular momentum and its distribution between 
the magnetic field and the primary particle constituents of the 
plasma which are electrons, protons and alpha particles in 
order of numerical abundance. One of the key features of the 
WD model and its generalization to a multicomponent, aniso- 
tropic plasma is the prediction of the sun's angular momen- 
tum loss rate iF/L, where 

1• = purr 2 (1) 

is the total mass lost to the expanding solar wind per second 
and steradian (typically of the order of 10 TM g s-1/sr) and, 
after Meyer and Pfirsch [1969], L is the specific angular mo- 
mentum per AMU given by 

4-•PUr (1 -- • (Pll -- (2) 

The total plasma mass density is denoted by p, the bulk flow 
velocity of the wind by u = urer + u,e,, and the magnetic field 
by B- Brer + B,%. The mass density is essentially given by 
p = n•m• + nvm v, whereby the alpha abundance n•/n•, is typi- 
cally a few percent with an average of 5% in high-velocity 
streams [see Feldman et al., 1977; Schwenn, 1983]. The WD 
model describes the solar wind evolution under time station- 

ary conditions in the ecliptic plane with the heliocentric dis- 
tance r being the only independent variable. In (2) the correc- 
tion factor for the magnetic stresses arises from the total ther- 
mal pressure anisotropy. For the multicomponent plasma, 
Marsch and Richter [1984] found a ratio A = P•-/Pll of about 
0.9. However, the anisotropies of the individual species may be 
more pronounced. Thus the correction factor in (2) is almost 
equal to 1 for the data analyzed here. 

The specific angular momentum L is a constant of motion 
for the expanding solar wind. The condition of continuity of 
u, and B• through the Alfv6n critical point, where the Alfv6n 
Mach number is M.•= 1, M.•=ur/V.•r, v.•r = Br(4•rp) -1/2 
(1--4•r/B2(pll--pO) 1/2, requires according to Weber and 
Davis [196TI and Meyer and Pfirsch [-1969] that 

L = f•r• 2 (3) 

This equation allows to determine r A from in situ measure- 
ments of L, since according to (2), L is derivable from plasma 
and magnetic field data and the solar rotation frequency fl is 
known. 

There is another key feature of the WD model associated 
wtih L. The model predicts the distribution of the total angu- 
lar momentum L = LB + LM between the particles LB and the 
field LM. However, the ratio Lp/LM generally is not a constant 
of motion but changes with radial distance from the sun as the 
components of u and B, and as the mass density p evolve 
radially. It is worth emphasizing this point, since there seems 
to be some confusion in the literature on this point. The figure 
Lp/LM = 1/3, given by WD, is not a general feature of how the 
sun distributes its angular momentum loss between the parti- 
cles' mechanical and field stresses. This ratio simply reflects 
the boundary values at ra and at Re = 1 AU as chosen by 
Weber and Davis to model a slow solar wind with a flow 

speed of UaE - 400 km s-1. 
In order to clarify this important issue, some algebraic cal- 

culations are required that have not been provided by WD, 
but which follow straightforwardly. Here and in the remainder 
of this paper, we restrict ourselves to the case A - 1, which is 
suggested by the almost isotropic total pressure found by 
Marsch and Richter [1984]. 

From the equations of Weber and Davis [1967] and the 
definition of (2) we then find the following expressions' 

LB = fir2(1- (•)2M•2)/(1 -- M• 2) (4a) 

LM = -- f•r 2 1 -- (1 -- M A 2) (4b) 

it is readily shown that LB + LM = L = flr• 2. We may also 
express the specific angular momenta in directly measurable 
quantities as 

Le =ru½ (5a) 

L M = --r B,• FB 4n • (5b) 
where Gauss' law yields the constant Fa to be 

F B -- r2Br (6) 

Exploiting the equation of continuity (1) and (6), we obtain the 
result 

M A 2 -- ur (7) 

where ur• is the flow speed at the Alfv6n point. Furthermore, 
we define the logarithmic derivative of ur with respect to r at 
r A as 

d In url u• - d In r 2 (8) 
There are some important limits for Lp,M that can be obtained 
at the solar surface and at infinity. For any solution of the 
radial flow profile with u• 0 for r • 0, we find that 

Lp Ir•o • fir2 • 0 (9a) 
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LM {,-o • fir.4 2 (9b) 

Therefore, close to the sun where r << r.4 the angular momen- 
tum resides in the magnetic field, whereas the particles' me- 
chanical angular momentum due to corotation is much 
smaller. The principal effect of the spiral field is to enforce 
near-corotation of the plasma below the Alfv6n point, how- 
ever, with little radial acceleration of the wind [Barnes, 1974]. 

At the Alfv6n critical point, an expansion of M.4 2 about 1 
yields 

U ! 
= , (10a) L v l,.,, tlr.4 2 1 + u 

1 

L•iI,A = •r.4 2 1 + u' (10b) 

accelerates to values of u o• > 2u,A, we would find the angular 
momentum to be carried predominantly by the particles. Our 
discussion suggests that the real solar wind, being highly 
structured in, e.g., recurrent fast streams and slow dense 
plasma, should exhibit a variety of different situations. 

We have shown that in situ observations of u½ and Be, and 
of the constants of motion •/ and F• provide a unique op- 
portunity to directly determine L v and L•t and thus the key 
plasma parameters at the Alfv6nic point. First, as mentioned 
before, the Alfv6n radius results from r.4 = (L/•) 1/2. Secondly, 
Lv/L•4 at r >> r.4 directly gives u,• via the formula 

u,• = u,(1 + Lv/L•4)- 1 (13) 

The density at the Alfvbn point is precisely fixed by the 
constants of motion 

or Lv/L•4 = u' at r = r.4. Since we are interested in coronal 
expansion and in a radially accelerating outflow of the plasma, 
we only consider the range 0 < u'< co corresponding to 
du,/dr > 0. Besides, the unphysical solution u'- -1 yields in- 
finite energy and is associated with an expansion at constant 
density and has thus to be discarded. Equations (10a), (10b) 
indicate that the relative importance of particles' and field 
stresses in L is determined by the slope of the radial flow 
profile at the critical point. Smooth gradients (u' < 1) are as- 
sociated with dominating field stresses. The case u'= 1 corre- 
sponds to an equipartition where half of the total L = •r.42 
resides in particles and fields, respectively. Finally, steep, loga- 
rithmic, radial gradients of the velocity at r.4 point to a situ- 
ation where the solar wind angular momentum is mostly car- 
ried by the particles. However, these statements only refer to 
the Alfv6n point. Asymptotically at large heliocentric dis- 
tances, the situation may be even reversed. Here we find, ac- 
cording to Weber and Davis [1967] with M.4 2 >> 1, and r >> r.4, 
the result 

Le I,-• • = fir.4 2(1 - u,•,/u,) (11 a) 

Apparently, the ratio of the asymptotic flow speed to the 
Alfv6n speed at the critical point determines the values of Lv 
and L•t. We may summarize our discussion for the distri- 
bution of the total angular momentum between particles and 
field as follows: Close to the solar surface (r << r.4) the mag- 
netic field stresses dominate L, and in case of a solar wind that 
starts with zero radial velocity, we obtain 

Lv/L•41,-.o = 0 (12a) 

At the Alfv6n point we find 

Lv/L•t I,A = u' (12b) 

whereas at infinity (r >> r.4) the result is 

Lv/La41,-.o• = u,/u,• - 1 (12c) 

Clearly, unlike L = Lv + L•t that is strictly conserved, the 
ratio Lv/L•4 varies considerably in dependence upon the de- 
tailed radial flow velocity profile. Whether an in situ observer 
far from the Alfv•n point concludes that the angular momen- 
tum loss is mainly due to magnetic stresses depends on the 
observed flow speed u, and the critical speed u,•, which at 
present can only indirectly be inferred. If u•/u• < 2 the solar 
wind angular momentum at large heliocentric distances is 
mostly owing to magnetic stresses. However, if the wind 
passes slowly through the Alfv•n point but then progressively 

p.4 = 4r•(3$//F•) 2 (14) 

as readily follows from (1) and (6). Thus by exploiting the 
continuity equation, u• may be determined from (1) and (3) 
or, vice versa, after having evaluated u•A from (13), we may 
subsequently calculate r.4 from (1). Notice that (14) provides a 
rather accurate estimate of p.4, even if the flux tubes expand 
differently than r-2. Clearly, the radial component of the mag- 
netic field Br• , follows also directly from (3) and (6). In contrast, 
u½ and Be are entirely determined by u' at r.4 and can therefore 
not be estimated by our "remote sensing" technique of the 
Alfvbn critical point. 

3. HELIOS OBSERVATIONS AND INFERRED PARAMETERS 

^• •14• AI•VV•N POINT 

The data set used for the present study has been extensively 
described by Rosenbauer et al. [1977], Marsch et al. [1982a, 
b], Pilipp et al. [1981], and Neubauer et al. [1977a, hi. The 
solar wind observed by the Helios probes during the near- 
minimum epoch of solar activity of the past cycle was 
characterized by two large recurrent high-speed streams as- 
sociated with a dipole sector structure [Behannon et al., 1981]. 
Although the Helios 2 observations are about 1 year later 
than those of Helios 1, both probes essentially viewed the 
same kind of solar wind. Our investigation uses the three- 
dimensional ion plasma data that provide the full flow veloci- 
ty vectors of protons and alphas. As mentioned before, the 
azimuthal component of the bulk velocity u½ is extremely diffi- 
cult to measure. Pizzo et al. [1983] have given a very thor- 
ough discussion on this problem. Thus we refer the reader to 
their paper for further details. Since we use the same data set 
as they did, all their estimates of measurement uncertainties 
and probable errors also apply to our analysis. 

In Figure 1 we have plotted the specific angular momentum 
of the particles' (mechanical angular momentum per AMU) Lv 
and of the magnetic field L•t as defined in equations (5a), (5b). 
Numerical values of the conserved quantities F• and/f/, fre- 
quently used from now on, are given in Table 1, which also 
contains solar wind parameters averaged over heliocentric dis- 
tance between 0.3 and 1 AU. Note, that the scales for Lv (top 
panel) and La4 (bottom panel) are different. Both parameters 
are given in astronomical units times kilometer s-1 and are 
displayed versus heliocentric distance in astronomical units. 
The thick error bars represent the standard deviation of the 
means, shown, respectively, at the right-hand edge of the 
frame. We find the total mean values for our data set as 

Lv = (0.8 q- 18.4) (AU km s -1) and L•t = (1.1 q- 2.3) (AU km 
s- 1). It should be noted, in order to avoid confusion, that here 
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Fig. 1. Specific angular momentum of the particles L•, in (AU km 
s-•) plotted versus heliocentric distance (top) and of the magnetic 
field Lta in the bottom panel. Data correspond to low (dashed), inter- 
mediate (continuous), and high-speed solar wind (dotted line). Stan- 
dard deviation bars are slightly displaced in order to avoid overlap- 
ping. Averages have been performed over radial distance bins of 0.1 
AU in width. 

and in Table 1 we quote errors in terms of standard deviations 
referring to typical fluctuations in the data. The error of the 
mean is much smaller by a factor of 94 for the entire data set 
with N = 8873 spectra. However, we feel such an error esti- 
mate is less informative and probably somewhat overoptimi- 
stic in view of our data sampling technique and the temporal 
and spatial variability of the solar wind. 

All the points in Figure 1 represent averages over radial 
distance bins (0.1 AU in width) and are plotted with their 
typical rms deviations, whereby the bars have been slightly 
displaced to avoid overlapping. The dashed lines correspond 
to low-speed wind (% < 400 km s-x), the continuous lines to 
intermediate flow speeds (400 < vp < 600 km s-X), and the 
dotted curves pertain to high speed solar wind streams (% > 
600 km s-x). The low- and high-speed classes mostly contain 

data which are not associated with stream interfaces. In con- 

trast, in the bin pertinent to intermediate speeds data have 
been sampled which correspond to the leading edges of recur- 
rent streams and to interaction regions. These data have been 
lumped together with data from noncompressed plasma of the 
trailing edges of fast streams. 

Inspection of the top panel shows that there is considerable 
scatter in the data which tends to increase at larger heli- 
ocentric distances. This trend is already obvious in the raw 
data and has been interpreted by Pizzo et al. [1983] as being 
caused by stream interaction dynamics. Apparently, Le tends 
to increase with radius in low and to decrease and become 

negative in high-speed solar wind. The mainly negative values 
of Le in fast streams are essentially due to the alpha particles, 
which travel faster than the protons at a speed which is a 
considerable fraction of the Alfv•n speed [Asbridge et al., 
1976' Marsch et al., 1982b] and much larger than I%l. Since 
their differential streaming is aligned with the Parker spiral, 
they tend to exhibit a negative u,•. The mean values of Le 
averaged over radial distance but yet binned according to flow 
speed are given in Table 1. 

Inspection of Figure 1 shows that in the intermediate speed 
regime L•, fluctuates about zero with no apparent radial trend. 
From an eyeball fit one may get the impression that the vari- 
ations in Le in dependence on flow speed become less pro- 
nounced in perihelion. This might suggest that the spread in 
the data at larger heliocentric distances are actually of inter- 
planetary origin and not an indication of a primordial bulk 
speed dependence of Le already in the corona. Certainly, 
negative Le cannot originate in the corona, if the plasma in- 
itially is partly corrotating with the sun. This objection casts 
doubt on whether L•, can be used at all to infer plasma param- 
eters about the Alfvfin point. Despite these notes of caution we 
will later on take our observations at face value and assume 

that the presented theoretical formulae can still be applied to 
analyze our data. 

If we direct our attention now to the lower part of Figure 1 
it becomes readily apparent that L•t is by far more constant 
than Le and does only weakly depend on radius as well as on 
solar wind flow speed. The total average of L•t - (1.07 _+ 2.25) 
(AU km s-x) would correspond to an equivalent mechanical 
azimuthal velocity of 1 km/s at 1 AU. This independence of 
L•t on the actual stream structure of the solar wind is truely 
remarkable. Similar results have been found by Pizzo et al. 
[1983, see their Table 2]. They quoted a mean of 3;/L•t - 0.19 
(X 1030 dyn cm/sr) for almost the entire Helios mission that 
compares well with our mean of 3;/L•t = 0.16 +_ 2.64 ( x 1030 
dyn cm/sr). In contrast to Le, the quoted mean of L•t is a 
rather accurately determined figure, since the quantity 3;/L•t is 
relatively insensitive to errors in the components of the mag- 
netic field which is not so radially oriented as the plasma flow. 

TABLE 1. 

Parameter 

Solar Wind Parameters Averaged Over Heliocentric Distance Between 0.3 and 1 AU 

400 km s-x 400 < vt, < 600 km s-x 600 km s-x < vt ' Total 

ur, km s-• 357 _+ 28 503 _+ 66 676 _+ 47 560 _+ 125 
%, km s -x 11.82 _+ 18.13 1.80 +__ 21.16 -2.02 +__ 34.82 1.45 +__ 28.11 
Br, nT 5.97 _+ 6.89 7.63 _+ 7.61 10.91 _+ 11.25 8.86 _+ 9.52 
Be, nT - 2.72 +_ 6.39 - 1.96 +_ 5.64 - 2.95 +_ 8.18 - 2.50 +_ 6.98 
FB, nT AU2/sr 2.86 +_ 1.87 3.54 _+ 1.73 3.15 _+ 1.49 3.28-4- 1.67 
Mr, 10 TM gs-X/sr 1.49 _+ 0.61 1.09 +_ 0.62 0.81 _+ 0.22 1.02 _+ 0.53 
L M, AU km s-x 0.82 _+ 1.51 1.06 _+ 2.29 1.16 _+ 2.39 1.07 _+ 2.25 
Lp, AU km s -x 9.88 _+ 15.47 1.48 _+ 16.66 -2.59 _+ 19.71 0.80 _+ 18.38 
L, AU km s -x 10.6 +_ 16 2.34 +_ 17 - 1.55 +_ 21 1.71 +_ 19 
Ls•, AU km s- x !.18 _+ 0.82 1.76 _+ 0.57 1.40 _+ 0.20 1.45 _+ 0.28 
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From a theoretical point of view the relative constancy of 
Ls• should imply that also L e should be constant, since their 
sum equals L, which is a strict constant of motion. Therefore 
the variability in Lv might actually be a spurious effect due to 
the real stream structure of the solar wind which has not been 

considered in the homogeneous WD model. If, namely, the 
solar wind has already attained its asymptotic flow speed u• 
at distances below the Helios perihelion, then Lv should, as 
well as Ls•, be strictly constant according to (11a), (11b). By 
using (11b), (1), and (14), we can derive a simple expression for 
Ls• in terms of constants of motion and of the asymptotic flow 
speed uo• as 

•Ft• 2 
LM = 4rr/1;/u o• (15) 

This relation also follows by directly inserting the Parker 
spiral relation B, = --f•rB,/u• as applying to the asymptotic 
flow regime into equation (5b). Note that the expression (15) 
only involves constants of motion associated with the radial 
velocity and magnetic field components. Numerical parame- 
ters for three solar wind speed classes are contained in the last 
row of Table 1. As can be seen, the figures for Ls• estimated 
directly from B, in (Sb) agree remarkably well with those 
derived from (15). This is an impessing verification of the cor- 
rectness of the WD model in describing the sun's angular 
momentum loss associated with magnetic stresses. Note also 
that the alpha particles which have been neglected so far in 
other studies are an important constituent of the plasma with 
respect to its bulk motion. This has been emphasized and 
demonstrated before by Pizzo et al. [1983]. If we can assume 
that Lv is always positive and that negative values beyond 0.3 
AU arise from interplanetary dynamics, then we can put a 
very rigorous lower limit on the Alfv6n critical radius by the 
inequality Ls• _• L = •rA 2. This yields the relation 

rA/R s >_ (Ls•/f•Rs2) 1/2 (16) 

Since Ls• is not sensitive to flow speed, we may take the 
directly measured total average giving r A >-- 11 Rs. Unless we 
allow for negative Le, this value for r A ought to be considered 
as a lower limit for the Alfv6n critical radius of the solar wind! 

Additional angular momentum carried away by the particles 
in the sense of corotation with the sun can only enhance the 
above estimate. 

Let us now present additional inferences about critical pa- 
rameters. Above we have shown that the fluid parameters at 
the Alfv•nic point can be expressed by the constants of 
motion. By using the results in Table 1, we can determine the 
critical parameters as summarized in the top rows of Table 2. 
Note that L turned out to be negative on the average for 

high-velocity wind. Therefore, we could not estimate the cor- 
responding value of ra. The numbers in the top part of Table 2 
relate to the respective Alfv•n radius in each column, whereas 
the other figures in brackets are based upon our total average 
value of ra = 13.6 Rs. It is worth emphasizing that the critical 
density does not explicitly depend on the somewhat inaccurate 
values for r• (or L) and thus is rather well determined. All the 
other numerical estimates crucially depend on the accuracy of 
L. Note the very high velocity inferred at the Alfv•nic point in 
high-speed streams. In contrast, for the slow solar wind we 
find the Alfv•nic point to be associated with a much lower 
flow speed. Nevertheless, in view of their possible errors and 
dependence on model assumptions detailed in section 2, the 
results in Table 2 should not be taken at face value but rather 

as semi-quantitative. 
The bottom part of Table 2 presents critical parameters as 

primarily inferred from equation (13), which allows to directly 
determine urA from the measured ratio Lv/Ls• and the flow 
speed ur. The corresponding Alfv6n critical radius r• then 
readily follows from the equation of continuity (1), and, subse- 
quently, B,A flows from equation (6). Figures given in brackets 
correspond to our total data set irrespective of the sign of Lv, 
whereas the other numbers relate to the subset of data with a 

positive Lv as expected for partly corotating particles. The 
data are shown in Figure 2 binned according to radial dis- 
tance and flow speed (open little boxes for vp > 600 km s-•, 
open triangles for 400 _< vp <_ 600 km s-1, and open circles for 
low-speed wind with v v < 400 km s-•). Solid symbols at the 
limb of the frame indicate the bracketed averages from the 
bottom part of Table 2. The asterisks on the left-hand side 
represent the values inferred from the parameters obtained by 
averaging over the entire data set. 

It should be noted that the result determined from rA and 
u,A, on the other hand, are not really independent from a strict 
mathematical point of view. They depend similarly on the 
most uncertain parameter Lv/L w By exploiting (1) and (13)- 
(15), we have 

rA2= ]•[/(PAUr•)= F•2/(47r]•Iur) ß (1 + Lp/Ls• ) 
= L•4/f•(1 + Lv/Ls•) 

which is equal to equation (3), although, from the point of 
view of the data in Tables 1 and 2 representing averages over 
many individual spectra pertaining to various velocity or 
radial distance bins, the two methods employed are not strict- 
ly equal. Still, both of them yield a set of compatible and 
equivalent critical parameters, even though obtained via dif- 
ferent sampling procedures. The results of the first method are 
due to averages of L = Ls• + Lv, whereby also negative Lv 
were included. However, the nonbracketed numbers in Table 

Parameter 

g/A• cm- 3 
rA, Rs 
u, A, km s-1 
B,A, nT 
FA• as 
Urn, km s- 1 
B,•, nT 
Lv/Lta 
(du,/dr) l r = r A, 

km s- 1/R s 

TABLE 2. Solar Wind Parameters at the Alfv6n Critical Point 

400kms-1 400_<%<_600kms-1 600kms-1 <% Total Derived From 

4017 1403 978 1431 F•, 
33.8 15.9 (13.6) 13.6 L 
(248) 40 (519) 380 (553) 476 3;/, n•, r• 
(721) 116 (892) 647 (787) 819 F?, ra 
(40.8) 48.9 (21.4) 30.9 17.3 16.6 M, ha, 
(28) 52 (209) 205 233 320 u,., Lv/Ls• 
(81) 151 (359) 351 334 554 F•, rA 
(12.1) 9.8 (1.4) 2.6 (-2.2) 1.9 0.8 Lv/L• 

21 35 51 31 Ur,•, 
Lv/Lta 

Number of spectra 1186 3759 3928 8873 
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served in situ (little boxes for vp > 600 km s- •, triangles for 400 _< 
% _< 600 km s-z, and circles for % < 400 km s-z), the inferred flow 
speed at the Alfv6n critical point, the corresponding radius in solar 
radii, and finally the in situ measured ratio Lt,/L M are shown versus 
radial distance from the sun in astronomical units. Note the different 

scales. Asterisks indicate averages over the whole data set without 
binning. Full solid symbols at the right-hand side refer to averages 
obtained by binning the entire data according to speed. 

2, derived by the second method exploiting equation (13), are 
based only on the positive values for Lp given in Figure 2. 

Since L•,/La4 is the primary information in Figure 2, all the 
scatter in the L•,/La4 data is reflected in large variances of r A 
and urA. As La4 was found to be almost independent of radial 
distance (compare with Figure 1), radial trends in the bottom 
panel of Figure 2 for L•,/La4 mirror the radial dependence of 
L•, shown in the top of Figure 1. Apparently, values of about 
10 can be found for LeILa4 in low-speed wind, whereas in fast 
streams negative values of about -2 are frequently observed. 
The two positive values at 0.35 and 0.55 AU are used to infer 
the number given in column three (lower part) of Table 2. This 
selection procedure is admittedly somewhat arbitrary, and the 
derived conclusions are essentially qualitative in nature. Thus 
we consider our numbers in Table 2, column 3, as semiquanti- 
tative and not very rigorous estimates. 

Note that the total average for L•,/LM is 0.8. This figure is 
slightly smaller than 1 due to the fact that the negative values 
in high-speed flow cancel the large positive values in slow 
solar wind. Note that our data set is somewhat biased toward 

high-velocity streams as can be seen from the last panel of 
Table 2 giving the respective number of spectra used. Accord- 
ing to (13) the subset of low-speed solar wind data yields a 
critical Alfv6n radius of about 40 Rs and, correspondingly, a 
critical Alfv6n speed of only urA = 40-50 km s -x, which is 
somewhat more than a tenth of the asymptotic flow speed of 
357 km s -x (see Table 1). The two estimates of r,• and u,A 

based upon L and Le/LM are in fair agreement considering the 
many experimental limitations of the method employed. 

For sake of completeness, we have also shown all the data 
sampled in solar wind flow of intermediate speed correspond- 
ing to stream-stream interaction regions and trailing edges of 
fast streams during the time period under consideration. Ap- 
parently, this subset of data most severely violates the model 
assumption of a homogeneous flow. Thus the inferred para- 
metes should be considered with caution. However, the pa- 
rameters pertaining to the body of fast recurrent high-speed 
streams should be more reliable, at least in perihelion. The 
two points with a positive L•,/LM (average value 1.9) yield an 
Alfv6n radius of about 17 Rs in fair accord with the one (13.6 
Rs) inferred directly from L. As mentioned already, our data 
set is biased toward high-speed solar wind. By this reason our 
total averages are certainly more representative for high- than 
for low-speed solar wind. 

From the last two columns of Table 1 and Table 2 it be- 

comes apparent that in the average solar wind we find a near 
equipartition between particles' mechanical and magnetic field 
stresses. Whether the trend toward negative Le in fast wind is 
real or due to interplanetary dynamical processes, or even 
spurious (since we also found positive values in periherlion) 
remains an open question, that could only be decided by in 
situ plasma measurements below 0.3 AU. Negative values of 
L•, in the corona appear to be unlikely from a theoretical 
point of view, because they would indicate anticorotating flow 
of the plasma, which does not seem to be plausible. We finally 
briefly mention the critical, radial magnetic field component 
(B,•) inferred from our remote plasma measurements. The 
values quoted in the top part of Table 2 result directly from 
Gauss' law for given r,•, whereas B,• quoted in the bottom 
part was determined by exploiting the definition of the radial 
Alfv6n speed being equal to the estimated u,• at the critical 
point. Generally, the Br• values based upon r,• estimated first 
are somewhat larger than those that are determined from 
B,,, = Ur,•(41rPA) •'/2, where u,• was estimated first. However, all 
the trends are consistent, and for low-speed wind there is even 
fair agreement between the figures as calculated by these two 
different methods. 

Finally, we shall concentrate on the radial acceleration of 
the solar wind flow at the Alfv6nic point. Equations (10a), 
(10b) offer an interesting possibility to estimate du,/dr at r = 
r a. Let us assume that the asymptotic value for L•,/La4 is 
already reached at r a and then "frozen in." We may then infer 
from (12b) the relation 

dur I 2ttra 2ttrA (L•_•) = U'< (17) 
dr ra F A -- F A • 

Since we have estimated all quantities on the right-hand side, 
we may put an upper limit upon the radial acceleration at r A. 
Generally, L•,/L• increases with heliocentric distance. Thus by 
taking the observed values for L•,/L• at 0.3 AU, we certainly 
somewhat overestimate dur/dr. For our three solar wind speed 
classes we quote the acceleration in Table 2, bottom panel, in 
the respective second columns. We infer from these parameters 
that the slow solar wind is smoothly accelerated at r•, whereas 
the fast solar wind seems to more rapidly achieve its high 
speed by gaining about 50 km s-• per solar radius. Thus, after 
about 30 Rs the high speed wind acceleration may have been 
completed. In contrast, low-speed wind was inferred to pass 
with only about 21 km/s through the Alfv6n point at r• • 
40-50 Rs. Therefore it still needs to traverse another 20 Rs in 
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order to finally achieve about 400 km s-1 in flow speed. Cer- 
tainly, all these estimates are rather crude, but they open some 
interesting new perspectives. Helios perihelion is at about 63 
R s . Therefore Helios should be able to detect probably still 
ongoing acceleration in low-speed flows. Indeed, Schwenn et 
al. [1981] have reported from Helios lineup constellation that 
slow plasma (v•, < 400 km s-1) beyond 0.3 AU actually fur- 
ther accelerates with an average increment of about (52 + 11) 
km s-1 per astronomical unit. The flow speed in recurrent 
high-speed streams, though, was found to remain nearly con- 
stant which indicates that the acceleration is essentially ac- 
complished below 63 Rs. 

4. SUMMARY AND CONCLUSIONS 

In this paper we have presented different but interdependent 
methods to deduce the values of some solar wind plasma and 
magnetic field parameters at the Alfv•n critical point. The 
radial distance r A is characterizd by the fact that the bulk flow 
speed reaches the local Alfv•n speed and that the total specific 
angular momentum lost by the sun to the expanding corona 
and the solar wind is given by L = f•rA 2. This latter value is 
the equivalent mechanical angular momentum per AMU for 
rigid plasma corotation. Since L involves contributions from 
the particles L•, and the magnetic field Ls•, it does not corre- 
spond to full corotation of a plasma fluid parcel itself. 

As shown in equations (10a), (10b) the slope of the radial 
velocity profile at r• determines the actual fraction of plasma 
corotation. Smooth profiles of the logarithmic derivative u' = 
d In ur/d In r 2 at r• indicate a weak corotation. The case 
u'-1 corresponds to an equipartition of stresses, where 
Ls• = L•, = L/2. Steep flow velocity gradients (logarithmic) are 
associated with stronger corotation of the plasma, whereby 
magnetic field stresses play a minor role. However, for a radial 
flow profile with ur• 0 for r << r•, we always find that the 
sun's rotation initially slows down due to magnetic stresses. 
Asymptotically for r >> r•, the distribution of L between L•, 
and Ls• is solely determined by the ratio uo•/u•A. If the flow 
speed at large heliocentric distances exceeds twice the Alfv•n 
speed at the critical point, we would expect the particles' me- 
chanical stresses to dominate the solar wind angular momen- 
tum transport. If the wind speed at the Alfv•n point reaches 
already more than half of the asymptotic flow speed, then 
most of the angular momentum loss is due to magnetic field 
stresses at large heliocentric distances. This situation corre- 
sponds to the original model example given by Weber and 
Davis [1967]. We should emphasize that these rather general 
statements can be made without solving the radial momentum 
equations explicitly. Clearly, for given boundary values of the 
plasma parameters at the sun or at the earth, say, and provid- 
ed the radial evolution of the solar wind total internal energy 
is known, one may actually calculate the detailed radial profile 
of u•. This profile then entirely determines the radial evolution 
of the angular momentum ratio L•,/Ls•. 

We have exploited the constants of motion and the theoreti- 
cal expressions for L•, and Ls• in section 2, in order to infer 
plasma parameters at the Alfv•n point. For a correct evalu- 
ation of L•, it is mandatory to include the alpha particles as a 
major component of the solar wind plasma [Pizzo et al., 
1983]. Our numerical estimates are contained in Table 2. Two 
more or less interdependent methods have been employed. 
First, we directly determined r A from L, and second, u•A from 
L•,/Ls• and uo•. The resulting figures are consistent with each 
other and show a distinct dependence on flow speed. We have 

already mentioned the uncertainties and problems involved in 
measuring u• [Pizzo et al., 1983]. These need not be repeated 
here. However, we like to point out some other possible 
sources of error and limitations of our analysis: 

In order to determine the true radial trends in the plasma 
parameters, one ideally should follow a single fluid parcel 
along a stream line. This can almost be achieved if data from 
radial lineup configurations of the Helios probes are used. 
Such situations, however, are rather rare. This lineup tech- 
nique and our presently employed method (binning in radial 
distance and flow speed) yield, however, similar results, as has 
been shown in studies on ion adiabatic invariants by Marsch 
et al. [1983] and Schwartz and Marsch [1983] for our data set. 
Thus we can have some confidence in our results. 

The real solar wind is highly structured and time dependent. 
Therefore, strictly speaking the homogeneous, time-stationary 
solar wind model of WD cannot be straightforwardly applied 
to real in situ observations. This may be particularly true for 
the angular momentum which is most sensitive to stream in- 
teractions and a possible dependence of the flow on the pres- 
ently neglected azimuthal and latitudinal angular coordinates. 
We argue that in the body of a fast recurrent stream the in 
situ measurements far from the stream boundaries may yield 
results similar to those expected from a model high-speed 
stream covering 4• in spatial extent. However, this problem 
remains unsolved and represents the most severe limitation of 
our analysis. As in previous analyses we have to content our- 
selves with this situation, since there is no other practical way 
to improve the comparison of the data with theory other than 
by developing a full three-dimensional model for the stream- 
structured solar wind. However, we think that one should at 
least separate the data according to flow speed. This appeared 
to be the natural ordering scheme at least for the time around 
minimum solar activity. 

Considering the problem with stream interactions at larger 
heliocentric distances, it appears imperative to use mainly 
data near perihelion (0.3 AU) for a reliable L or L•,/Ls• evalu- 
ation. In this respect, our present data set, like the one used by 
Pizzo et al. [1983-l, has severe statistical limitations. On the 
other hand, for time periods later than mid 1976 the Helios 
data show a less well ordered stream structure and are possi- 
bly even more affected by small scale stream interactions. In 
view of our poor statistics we may really see our results as 
being more of qualitative nature than representing rigorous 
numbers. Even if we had better statistics, we could not exclude 
that stream interactions are possibly important all the way 
back from 0.3 AU into the corona and that the body of fast 
streams is strongly affected by surrounding flows already 
there. That dynamic modifications of the angular momentum 
transport are important at lower or even coronal levels is 
suggested by the predominantly negative values of L•, in fast 
recurrent streams. If so, we may still consider the average L as 
a meaningful information. However, then it is not clear why L 
should at all be related directly to r• through a model- 
dependent relation like (3). 

Many theories of coronal dynamics and solar wind ex- 
pansion suggest significant acceleration of the flow beyond r• 
by heat and energy or momentum disposition [Holzer, 1977; 
Leer and Holzer, 1980]. If these effects are important for the 
real solar wind, they will certainly tend to obscure or other- 
wise affect the value of du•/dr as inferred by the admittedly 
crude method we suggest based upon relation (17). 

Keeping all these limitations in mind, we may briefly sum- 
marize our main results: 
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The specific angular momentum of the solar wind carried 
by magnetic stresses is on the average L•t = 1.07 + 2.25 (AU 
km s-•), corresponding to an equivalent azimuthal mechani- 
cal speed of about 1 km s -• at 1 AU. The total flux per 
steradian is ]f/L•t = 0.16 _+ 2.64 (x 1030 dyn cm sr-•). These 
figures are representative for all flow speeds and over the heli- 
ocentric distance range between 0.3 and 1 AU, since L•t is 
found to be surprisingly constant. 

The particles' specific angular momentum L•, is strongly 
dependent on flow speed and varies with heliocentric distance. 
Deviations of L from the expected constancy are essentially 
due to variations in L•,. Whether the speed dependence of L•, 
is caused by interplanetary dynamics or of coronal origin 
must remain an open question. Probably, our data sampling 
technique from different stream lines may partly be respon- 
sible for this result. If this is true, the quantity L•t appears to 
be less sensitive to the data averaging and sampling methods 
used here. 

Taking the data in Figure 1 and Table 1 at face value, we 
derived the following conclusions. The ratio Lp/L•t is strongly 
dependent upon the bulk flow speed. In the average solar 
wind we find nearly an equipartition between the particles' 
and fields' angular momentum. Contrarily, in slow solar wind 
(vf < 400 km s-•) most of the angular momentum lost by the 
sun to the solar wind is of mechanical nature with a corre- 

sponding average azimuthal flow speed up to the order of 10 
km s-•. This number is in accordance with earlier estimates at 

1 AU [see Lazarus and Goldstein, 1971] that mainly stem from 
slow solar wind observations. Averaging over our whole data 
set yields Lp/L M = 0.8 and u, = 560 km s-•. 

Provided Lp is positive, the value for LM alone places a 
lower limit for the location of the Alfv•n radius at 11 Rs. By 
adding the particles' contribution Lp, one finds ra = 34-49 R s 
in slow, and r,4 = 14-17 R s in fast solar wind in agreement 
with earlier estimates by Pizzo et al. [ 1983]. 

The critical density can straightforwardly be derived from 
the mass loss rate 2•/and the magnetic flux F B, and it is about 
a factor of 4 larger in the slow than in the fast solar wind (see 
Table 2). 

The Alfv•n speed at r A is only 40-50 km s-• in slow speed 
wind, whereas we find 200-550 km s-• for high-speed flows 
with vp > 600 km s-•. The direct determination of u,A is in 
good agreement with the one based on the continuity equa- 
tion and on the estimate for rA from L. 

If we extrapolate the asymptotic values for Le/L•t to the 
critical point we may even derive a crude estimate for the 
radial acceleration of the plasma at this point according to 
equation (12b). This concept of the ratio Lp/L•t to be "frozen 
in" at the critical point yields an average value of du•/dr • 51 
km s-•/Rs in high-velocity streams. 

In conclusion, we may say that we were able to resolve 
some of the discrepancies between the theory [Weber and 
Davis, 1967] and the experimental literature. Azimuthal flow 
speeds of a few kilometers s-• are principally not in conflict 
with the theory. Still, it remains to be shown by detailed 
model calculations that a flow speed profile is possible where 
the asymptotic flow speed amounts to a few times its original 
value at r•. In the typical high-speed solar wind the sun seems 
to lose its angular momentum more by magnetic than by 
mechanical stresses. However, values of L•,/Lju • 1 corre- 
sponding to about equipartition are also frequently observed. 
In low-speed wind the angular momentum appears to be 
mostly carried by the particles. Inferences about the critical 
parameters suggest a location of the Alfv6n point at larger 

solar distances in slow solar wind than in fast streams. In 

addition, the plasma may partly corotate up to much larger 
heliocentric distances in low-speed solar wind, whereas, in fast 
streams it seems to be decoupled from solar rotation already 
at about r•. At this point, the corresponding radial flow speed 
profile has been estimated to be rather steep. If the inferred 
gradient of 51 km s-•/Rs can actually be maintained for only 
10 Rs, e.g., then the typical flow speed of 680 km s-• as 
observed at 0.3 AU might have been attained already within 
the first 30 Rs. Therefore high-speed flow observed by Helios 
at 63 Rs has essentially reached its asymptotic state. For the 
slow solar wind, however, it appears that there should be at 
least at times a fair chance to observe the wind at its stage of 
acceleration. Therefore the Helios probes seem to be particu- 
larly well suited to study the dynamics of the slow solar wind 
that at present is only poorly understood. 
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