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Abstract. A two fluid stability analysis of an inhomogeneous solar wind plasma leads to prediction of 
possible instabilities of both Alfv~nic and magnetoacoustic waves driven by local velocity gradients. The 
waves predicted to be possibly unstable have short wavelengths in comparison with the length scale of 
the gradients and, with different thresholds for the value of velocity shear, may have different directions 
of propagation with respect to the background magnetic field. 

We have performed a detailed study, based on Pioneer 6 magnetic and plasma data relative to several 
high speed streams in the solar wind, on the direction of propagation of the transverse waves which are 
found within the streams and on their association with velocity gradients within the stream structure. 
The analysis leads to the conclusion that the observed Alfv6n waves may be consistent with the 
hypothesis of local generation through one of the above mentioned instabilities where velocity shear 
leads in fact to excitation of incompressible waves in directions almost parallel to the magnetic field. 

1. Introduction 

Observational evidence of large amplitude Alfv6n waves in the interplanetary 
medium has been reported from several experiments (Belcher and Davis, 1969, 
1971; Martin et al., 1973; Daily, 1973; Burlaga and Turner, 1976). 

Some main points which result from the different investigations are the follow- 
ing: (1) Alfv6n waves seem to dominate the microscale structure with respect to 
magnetosonic disturbances which are never observed as cle~trly, (2) such Alfv6n 
waves are mostly propagating outwardly from the Sun with a clear tendency to be 
almost parallel to the magnetic field direction, (3) they are particularly evident 
within the trailing edges of the high speed streams (where velocity decreases with 
time). On the other hand, the leading edges (or compression regions of the streams) 
show a much more complicated structure which is claimed to contain both Alfv6nic 
and magnetosonic fluctuations with direction of propagation also towards the Sun 
(Belcher and Davis, 1971). 

Concerning the origin of the observed Alfv6n waves, one hypothesis which is 
advanced is that of generation at the Sun. More specifically (see Hollweg, 1975) 
both magnetoacoustic and Alfv6nic modes would be generated through photo- 
spheric supergranulation. The magnetoacoustic modes would be quickly Landau 
damped. On the other hand, linearly polarized Alfv6n waves would damp non 
linearly inside about 0.5 AU but then would be converted into circularly polarized 
Alfv6n waves, which do not undergo Landau damping and are therefore observed 
at 1 AU (Barnes and Hollweg, 1974). A good point in favour of this interpretation 
of the observed waves is that, as long as the waves are produced at distances from 
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the Sun less than the Alfv6nic critical point, only those propagating away from the 
Sun will be possibly observed in the superalfv6nic solar wind (Belcher and Davis, 
1971). Thus the hypothesis of generation at the Sun gives an explanation for the 
preferential direction of propagation of the observed waves at 1 AU. 

According to this point of view, the experimental fact that the waves are pref- 
erentially observed in connection with high velocity streams is attributed to the fact 
that the streams themselves are driven by the waves (Hollweg, 1973, 1975). The 
further observational fact that the largest amplitude Alfv6nic fluctuation are found 
in the compression region at the leading edges of the high velocity streams (Belcher 
and Davis, 1971), is then related to the larger average magnetic field in such 
regions, with respect to that in the trailing edges of the streams. 

A second alternative on the origin of the observed Alfv6n waves is that of local 
generation, i.e. generation through some local instabilities. 

Among possible candidates, velocity shear instabilities are suggested by the 
association of the observed waves with high velocity streams. Another  possibility of 
local generation would be the presence of non thermal features of the particle 
distributions. Although non thermal ion distributions have been found to be 
sometimes associated with high speed streams (Feldman et al., 1974) (in particular 
double-peaked proton distributions), the association is not as general as the asso- 
ciation of the Alfv6n waves with the streams. Furthermore,  from theoretical analy- 
sis (Gary et al., 1975; Abraham-Shranner  and Feldman, 1977) it is found that 
double peaked distributions should lead mainly to ion cyclotron waves having 
frequencies of a few hertz in the plasma frame (and wavelengths of the order of the 
ion Larmor  radius) whereas the spectrum of all the Alfv6n waves observed in the 
wind extends to much lower frequencies and correspondingly larger wavelengths, 
up to 5 • 106 km (Belcher and Davis, 1971). 

Thus it is plausible to say that, even if kinetic mechanisms are operating at times, 
they certainly do not account for all the Alfv6n waves observed. 

Quite apart from the particular instability that one is considering, it must be 
remarked here that testing with the data an hypothesis of local generation implies a 
local or quasi-local analysis of the data, in that the local properties of the plasma 
(as, for example, the gradients) and the local properties of the waves must be 
correlated with a given instability theory. 

No analysis of this type has been done so far as all the previous investigations had 
a statistical character, referring to periods of several days and even to several 
streams. 

In the present paper we propose to test magnetic and plasma data relative to 
some high speed streams (and therefore containing Alfv6n waves) against the 
hypothesis of local generation of these waves through velocity shear instabilities. In 
particular, we will compare the analysis with some recent theories of velocity shear 
instabilities in high/3 plasmas (Dobrowolny, 1972, 1977), predicting the possibility 
of generation of magnetohydrodynamic waves of small wavelengths in comparison 
with the typical length scale of the gradients. 
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The plan of the paper is the following: in Section 2 we summarize the results of 
theories of velocity shear instabilities in high/3 plasma giving the stability criteria 

for different types of excitations. Section 3 describes the minimum variance analysis 
applied to magnetic field data, within two high velocity streams, to investigate the 
properties of the observed waves. A general discussion on the properties of waves 
associated with streams is given in Section 4. Section 5 compares some results of the 
analysis with the criteria for various velocity shear instabilities. It appears that the 
data are consistent with the occurrence of one instability of Alfv6n waves with 
propagation almost parallel to the magnetic field direction. On the other hand it is 
also demonstrated that the local velocity gradients are not sufficient for excitation 
of magnetosonic modes and of Alfv6n waves propagating in a direction quasi 
perpendicular to the magnetic field. 

This does not lead to the conclusion of a mechanism for Alfv6n wave generation 
alternative to that of generation at the Sun. Rather, i t is shown that one instability 
driven by velocity shear may be relevant in exciting part of the waves observed in 
the high-velocity streams. The favorable indications in this direction along with the 
critical points of a theory of velocity shear generation are discussed at length in 
Section 5. Section 6 contains further criticism and the conclusions. 

2. Velocity Shear Instabilities in a High/~ Plasma 

We refer in the following to instabilities driven by velocity shear in a plasma with a 
uniform magnetic field B0 and a velocity flow Vo parallel to the magnetic field and 
inhomogeneous in a perpendicular direction. Referring to the solar wind, one 
obtains the condition of flow parallel to the magnetic field in a corotating reference 
frame: thus, in this frame, the model, although simplified, can be used to represent 
the high speed streams. 

The ordinary Kelvin Helmoltz instability (Chandrasekhar, 1961) is obtained, as it 
is well known, by simulating the velocity gradient with a discontinuous jump and 
therefore refers to waves with wavelengths larger than the scale length L of the 
velocity profile, i.e. 

kL < 1, (1) 

k being the wave vector of the waves. For instability one finds the condition 

A/-)0 ~ / . ) A ,  (2) 

where Avo is the velocity jump and VA the Alfv6n speed. The wavelength condition 
(1), however, excludes this instability from being of interest for the waves observed 
in the streams as their spectrum contains wavelengths up to 0.05 A U  (Belcher and 
Davis, 1971) while the typical scale length of the large velocity variation in a stream 
is L - (0.1-0.3) AU. 

Very recently a numerical solution of the Kelvin Helmoltz problem has been 
given using continuous velocity (and density) profiles (Dobrowolny and Paravano, 
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1977). The main result which must be recalled here is that the unstable waves are 
still, roughly, characterized by condition (1), i.e. no instability is essentially found 
for wavelengths much smaller than L. This rules out completely the ordinary Kelvin 
Helmoltz instability as an explanation for the Alfv6n waves observed in streams. 

Further theoretical work has been done (Dobrowolny, 1972, 1977) on the 
possibility of having velocity shear instabilities for small wavelengths, i.e. for 

kL > 1. (3) 

This work, of which we recall here the main results, is based on a two fluid 
description of the plasma including finite Larmor radius effects of the plasma ions 
(therefore a non-magnetohydrodynamic description). It refers to waves of 
frequencies to smaller than the proton gyrofrequency ~ci and wavelengths larger 
than the ion Larmor radius al, i.e. 

to << Oci, kai << 1. (4) 

The waves have a component of propagation along the magnetic field such that the 
corresponding phase velocity is intermediate between ion (Vthi) and electron (vthe) 
thermal velocities, 

tO 
/.)thi < k. </)the, ( 5 )  

where kll is the wave vector component parallel to the magnetic field. Finally, the 
theory is done in WKB approximation, consistently with condition (3) and is 
general with respect to the plasma fl (/3 =4rrn0(Te + T~)/B g being the ratio of 
particle pressure to magnetic pressure). 

Notice that condition (5) is still consistent with values of fl of order unity, like in a 
typical solar wind at 1 AU, as the frequency in (5) is that in the laboratory frame, 
and, for the case of flowing plasmas, one finds typical values of the order of the 
Alfv6n speed or the sound speed for the wave phase velocity ~/kll constructed with 
the Doppler shifted frequency ~ = to - kllv0. 

The instabilities which are found are due to finite Larmor effects of the ions (or 
collisionless ion viscosity) and are therefore essentially different from the ordinary 
magnetohydrodynamic instability. 

More specifically it is found that magnetosonic waves are driven unstable only for 
directions of propagation quasi perpendicular to the background magnetic field, i.e. 
for 

k• 
- -  >> 1 .  ( 6 )  
kll 

Here k j_ is the wave vector component perpendicular to both the background 
magnetic field Bo and the direction of the velocity (and density) gradients. Hence, 
with reference to solar ecliptic coordinates and an ideal Parker's model of the solar 
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wind, k c is the component of k along the normal N to equatorial plane. Notice also 
that, because of conditions (5), kll must be different from zero. 

The following dispersion relation is derived (Dobrowolny, 1972) under condition 
(6) and for magnetosonic waves : 

11 w,  ( +_~.)+[( l+Tg~2w,2 + 4 kl~c2(lkd_,_,']l/2] 
n i = ~ / - i k l  T / /  1+~8  ~1[ ~)  J / "  (7)  

In Equation (7) 

CO/~ = k• ai 
LN 

is the ion drift frequency, with LN the scale length of the density profile; ~i is the 
Doppler shifted frequency 

n i  = o., - k l l v o -  ~o * (8) 

and c 2 = (Te + T i ) /mi  is the sound speed. Finally, we have introduced the shear 
parameter 

v; 
r Oei (9) 

where v~ is the derivative of the velocity flow (in the azimuthal direction) and 
~2c~= lel Bo/rn ic  is the ion cyclotron frequency. Correspondingly, the instability 
conditions are 

k •  

T, 2 (10) e" k. a~ 
se> 1 + 1(1 +'~//) (1 + jS)~--~l ~ L--~N" 

As it is seen, the density gradient exerts a stabilizing effect. 
Alfv~n waves are found to be possibly unstable for directions of propagation 

within two small cones around the directions both perpendicular and parallel to the 
magnetic field. For quasi-perpendicular propagation, i.e. under condition (6), the 
wave dispersion relation is (Dobrowolny, 1972) 

al  = �89 { _1(1 +~8)to, _1_ [�88 +4kt~v2(1 i k• 1/2 

where/3i = 4 r  2 and the corresponding instability conditions are 

ell 
2 2 (12) 

].~_7~:k• > ~ [ l + ~ ( l + a , 2 a k J _  a i ]  
~ j  ~ i7 -g  7 g - !  �9 

kr I LNJ  
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Notice that for small density variations (as in trailing edges of the high velocity 
streams), one has to* very small and from (7) and (10) it is found that Re Oi tends 
to zero (Oi being the frequency in the plasma frame). In such cases (i.e. the limit 
LN ~ oo), the real part of the frequency to (the frequency in the laboratory frame), is 
simply equal to the Doppler shift kllvo and conditions (4) and (5) are still verified for 
the supersonic wind. 

For quasi-parallel propagation, i,e. for 

kll >> 1, (13) 
k• 

the dispersion relation reads 

2 2 = (1-3~7)•  (14) 
kL/VA 

having introduced the parameter 

n =/3i~.  (15) 

In (14) g2 = o) - kllv0 is the wave frequency shifted by the Doppler effect due to the 
plasma flow and the signs • indicate that the usual Alfv6n branch is split into two 
by the effect of velocity shear ('O # 0). Notice that density gradients do not appear in 
the solution (14) as the corresponding drift frequency terms (perpendicular drifts) 
enter only in the limit (6) of mainly perpendicular propagation (Kadomtsev, 1965). 
The instability condition corresponding to (14) is simply (Dobrowolny, 1977) 

> 0.  (16) 

Upon increasing rl, as seen from (14), both branches g22, are seen to give both 
damped and unstable roots, with the same real and imaginary parts of the 
frequency (in absolute values) for r / in  the range 0 < r /<  8, The maximum growth 
rate in this range is 

"Ymax ~ 0.54klIVA, (17) 

obtained for "0 = ~.The growth rate of the two branches becomes then different for 
r />8  (Dobrowolny, 1977). With reference to the solar wind data, however, as will 
be seen in Section 5, it is , / <  1 and small values of *7 that are of most interest. 

Notice that condition (16) shows that instability (when fli - 1) is obtained starting 
from small values of (kll/k• Comparing with the conditions (10) and (12) for 
quasi-perpendicular instabilities, requiring (ki/kll)~> 1, it is therefore seen that 
one has a larger cone of unstable Alfv6n waves propagating around the magnetic 
field direction, than the cones of unstable Alfv6n or magnetosonic waves around 
the perpendicular direction. 
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3. Data Reduction 

The present study has been based on plasma and magnetic field data collected 
simultaneously by the spacecraft Pioneer 6 within two high velocity streams occur- 
ring in January and February 1966. The instrumental apparatus of the plasma and 
magnetic field experiments on board of Pioneer 6 has been described elsewhere 
(Ness et  al. ,  1966; Ness, 1970; Lazarus et  al. ,  1973) and will not be recalled here. 

Our analysis has been restricted to periods of time (from Day 34, 4:00 UT to Day 
36, 4:00UT and from Day 50, 0:00UT to Day 54, 4:00UT) during which 
relatively strong velocity gradients were observed. Figure 1, given as a reference, 
shows hourly averages of a high velocity stream from day 50 to 53. For the 
remaining periods investigated see plots of hourly averages given by Lazarus et  al. 

(1973). 
Single (71 s) plasma data were made available to us by Dr A. Lazarus of the 

Massachusetts Institute of Technology; magnetic field data, in the form of 30 s 
averages of the field components, were supplied by the World Data Center 
(Washington). 

To determine the direction of the wave propagation vector k, a variance matrix 
analysis has been used on the 30-s magnetic field averages. The variance matrix is 
defined as: 

T~j = ( B i B j )  - (B , )  (B i )  , 

where Bi, Bj (i,/" = 1, 2, 3) are cartesian components of the magnetic field vector 
(B). In the case of a large amplitude Alfv6n wave, this matrix will have a well 
defined direction of minimum variance (M1) parallel (or antiparallel) to k. 

The minimum variance analysis has been performed over 20 min periods. 
This period allows to have a meaningful number of data (40) within each interval 

and, on the other hand, is sufficiently short for having a quasi local determination 
of plasma and wave properties not affected by large variations on longer time 
scales. 

No filtering on the data, in the way used by Daily (1973), has been employed. 
Filtering could indeed be motivated by the necessity of excluding, from the variance 
matrix, power from large scale inhomogeneities of the field, thus remaining with 
power from Alfv6nic fluctuations only (in Daily's work the effective bandwidth 
entering the variance matrix is from 0.03 Hz to 0.003 Hz). However a careful 
analysis of the filtering procedure used by Daily (Jenkins and Watts, 1969) reveals 
that it introduces a most heavy bias into the variance analysis. Figure 2 illustrates its 
effects on the magnitude of the magnetic field. A 20 min period where ]B] is 
approximately constant (line labelled A in the Figure) has been considered. Appli- 
cation of the Daily's filtering procedure to each component of the magnetic field, 
produces the behaviour of ]B] shown by the line labelled B in the figure and 
containing large spurious fluctuations. Looking at such filtered data, one could 
argue, erroneously, that the fluctuations are not Alfv6nic. 
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Fig. 1. Time history of solar wind parameters  during the high-velocity s t ream observed by Pioneer 6 
f rom 19 February to 23 February,  1966. The  horizontal bars at the bot tom of the figure indicate the 

periods of t ime illustrated in Figure 3. 



L O C A L  I N S T A B I L I T I E S  O F  ALFVI~N W A V E S  IN  H I G H  S P E E D  S T R E A M S  453 

DAY 51,1966 

[ ]  OBSERVED VALUES 
[ ]  FILTERED VALUES 

r~ 

~; I I I I 
2 0 : 0 0  2 0 : 0 5  2 0 : 1 0  2 0 : 1 5  2 0 : 2 0  

U T  

Fig. 2. Effects of the filtering procedure on the interplanetary magnetic field intensity. The line labelled 
A gives the observed intensity; the one labelled B gives the intensity, when the filtering procedure is 

applied to each component of the magnetic field (see text for details). 

A further comparison with Daily's minimum variance work is obtained by 
evaluating the number of 20 min blocks of data which do not meet the following 
criteria (adopted by Daily in his analysis): (1) the eigenvalues of the variance matrix 
should verify A3/A2--< 0.50 and Az/A1 --< 0.55, to have sufficiently well defined direc- 
tions of minimum and maximum variance; (2) the largest eigenvalue A 1 must be at 
least 6 times the variance of the field magnitude o-~ (in order to discriminate 
against non Alfv6nic fluctuations). 

Out of the total number of 20 mln blocks of data considered in the present study 
(407), 72 (18%) did not satisfy the constraint (1); 29 (7%) the contraint (2). 

According to Daily (who examined Pioneer 6 data from day 26 to day 40), 29% 
of the data samples did not meet  the first constraint and 44% the second. The very 
large difference between his and our analysis, occurring for the second criterion, 
corresponds to the bias effect of the filtering procedure illustrated in Figure 2. On 
the other hand, even the percentage of data not satisfying the first criterion is 
significantly larger when the filtering procedure is applied. 

A further minor difference between the present analysis and that accomplished 
by Daily consists in the procedure used to select data. In fact, while leaving the 
constraint (2) unmodified, we have changed the constraint (1), by rejecting only 
data blocks with A3/A2--<0.50. The reason is that a well defined direction of 
minimum variance is obtained even when the two largest eigenvalues are compar- 
able [(A2//1L 1) ~ 0 .55] :  A2 ~ A 1 is expected, indeed, in the case of circularly polarized 
Alfv6n waves, which should not be discarded from the analysis. It is found, 
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however, that retaining data with 12/11 ~ 0.55 produces only a slight variation in 
the percentage of rejected data blocks. In all, the following study will be based on 

331 20-min blocks of data. 
Some results of our minimum variance analysis are shown in Figures 3a and 3b 

which refer to day 50 and 52 corresponding respectively to leading and trailing 
edges of the high speed stream of Figure 1. Here  we have plotted the ratios 13/ t2,  
t 2 / t l ,  O'2/11 and, on the top panel, the direction of minimum variance of the 

magnetic field which, in the case of wave identification, coincides with the wave 
propagation vector k. Dashed lines on the panels of Figures 3a and 3b correspond 
to the selection criteria which we have used. Notice that the versus of wave 
propagation is not termined through our analysis (for example it cannot distinguish 
between propagation outwards or inwards with respect to the Sun). However,  on 
the basis of the work of Martin et al. (1973), referring to the same streams and the 
same experimental data considered here, we know (from the sign of the correlation 

DAY 50,1966 

90~ r /,, 

~ ~ 1 7 6  , / ' , .  ", IX , ' \ / " ,  a ,' 
" "' / '  '/ " V , , -  \ A ~~176 , ' v , w  , v ,  ,' , , i ", ,.--, - ,  

0 ~  

.40 

.20 
A1 

0 
�9 8 0  

.60 

A~ ~.~ 

. 2 0  

, ~ 3  " 6 0  

~'2.40 

. 2 0  

y 
I ] I 

L I , I , I i I , I , I ~ I , I , , 
2 4 6 8 1 0  1 2  14  1 6  1 8  U T 

Fig. 3(a). 
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Fig. 3. From the top are given: the angle between the direction of minimum variance of the magnetic 
field and the field vector; the ratio of the variance of the field magnitude to the largest eigenvalue of the 
variance matrix (o'ZB/A1); the ratios of the eigenvalues A2/3,1 and A3/A2. Each point corresponds to a 
20 min interval. (a) of the figure refers to the leading edge of the high velocity stream illustrated in 

Figure 1; (b) to the trailing edge of the same stream. 

b e t w e e n  the  veloci ty  and  magne t i c  field f luctuat ions)  tha t  the  ac tual  d i rec t ion  of 

p r o p a g a t i o n  is mos t  c o m m o n l y  ou twards  f rom the Sun. 

4. General Observational Features of Waves Associated with High Speed Streams 

In this sect ion,  p r io r  to a de t a i l ed  compa r i son  of some  of the  da t a  with the  t heo ry  of 

veloci ty  shea r  instabi l i t ies ,  we will give a d iscuss ion of some  genera l  f ea tu res  of the  

waves  which resul t  f rom the analysis  of high speed  s t reams.  

The  f luctuat ions  of the  magne t i c  field a re  main ly  t ransversa l  dur ing  all the  

pe r i ods  cons ide red  in the  p re sen t  analysis:  in fact, as seen  in the  p rev ious  sect ion,  
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only 29 out of 407 blocks have a variance of the field magnitude 0-2 >A1/6. The 
few cases when 0 -2 exceeded this limit usually occurred inside the compression 
region at the leading edge of the streams (see Figure 3a). This is consistent with 
previous observations by Belcher and Davis (1971) who reported that this region 
may contain significant amounts of non-Alfv6nic wave modes. The fact that the 
compressive components at the leading edge of the streams correspond to 
magnetosonic modes is however open to question. In Figure 4 we have shown a 
time history of the magnetic field intensity and the plasma density during a period 
(Day 50, from 7:00 UT to 10:00 UT) characterized by relatively high values of 0-2 
(see Figure 3a). As it is seen, B and N appear to be strongly anti-correlated, which 
is what one expects, on the basis of simple magnetohydrodynamics in the static 
case, i.e. for static structures convected by the solar wind. On the contrary, from the 
theory of small amplitude magnetosonic waves (Stix, 1961), one predicts a positive 
correlation between fluctuations of N and B. On the basis of this we are therefore 
inclined to conclude (at least for the streams which we have considered), that the 
leading edges are characterized by compressive static features convected by the 
wind (besides Alfv6n waves, as will be discussed in the following) and less likely by 
magnetosonic waves. 

Fig. 4. 

DAY 50,1966 

40 

1 0  i 

J 0 I i J 
7 8 9 10 UT 

Interplanetary magnetic field intensity and proton density observed by Pioneer 6 during a 3 hr 
interval at the leading edge of the high-velocity stream shown in Figure 1. 
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Figure 5 summarizes the most relevant statistical features of the data considered 
in the present report. The distribution of the ratio A2/A1 (Figure 5a) is strongly 
peaked between 0.1 and 0.2, with only a few cases at AE/A1>0.5. This trend 
indicates that a quasi-linear polarization of the waves is prevailing. This is quite 
similar to results given by Chang and Nishida (1973), the different shape of the 
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Fig. 5. Statistical distributions of: (a) the ratio between the two largest eigenvalues (A2/A1) obtained 
from the minimum variance analysis; (b) the direction of the eigenvector of maximum variance; (c) the 
angle k'B, between the eigenvector of minimum variance and the magnetic field. The total number of 

cases is 331 (each being a 20 min block of data). 
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A2/A1 histogram reported by Burlaga and Turner (1976) (showing a significant 
fraction of circularly polarized waves) is most probably explained by the different 
methods of analysis adopted (Burlaga and Turner made use of the Daily (1973) 
filtering technique which we have criticized previously). 

The polar histogram in Figure 5b illustrates the direction x of the eigenvector of 
maximum variance. In agreement with previous results (e.g. Belcher and Davis, 
1971), x tends to be aligned with the vector B x r (i.e. with the normal to the ecliptic 
plane, if B is along the Parker's spiral). 

Finally, Figure 5c shows the statistical distribution of the angle kB (k being the 
direction of minimum variance). The general tendency of k to be almost parallel to 
the magnetic field direction (Belcher and Davis, 1971; Daily, 1973; Chang and 
Nishida, 1973) is confirmed, even though there is a significant amount of cases in 
which kB is large. A comparison through Figures 3a and 3b, between the leading 
and trailing portions of the high velocity streams, indicates that the largest values of 
A 
kB occur mainly at the leading edge. 

We have investigated in more detail the existence of a relationship between the 
angl~.e kB and the gradient of the solar wind bulk speed (V). Figure 6 is a scatter plot 
of kB as a function of the difference between subsequent hourly averages of V. 
Positive (negative) values of zl V indicate increases (decreases) of the bulk velocity. 
It is seen that when AV<-O, kB exceeds 30 ~ during only 10, out of 165, 20min 
intervals (6% of cases), while, when A V > 0 ,  k B > 3 0  ~ in 53, out of 166 cases 
(32%). The interpretation is that one has probably Alfv6n (almost incompressible) 
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waves all along the streams, i.e. both in their leading and in their trailing edges, but 
whenever the velocity increases (and therefore mainly in the leading edge, but also 
on limited periods along the trailing edge) such waves are strongly scattered from 
the direction almost parallel to B. 

We recall that a scattering or refraction of this type has been predicted by 
Hollweg (1975) in the framework of a simplified model of a high velocity stream. 
More precisely, using a triangular velocity profile, Hollweg finds that the direction 
of k should deviate from the direction of B in the rising portion of the stream. 
However the wave direction predicted by this theory cannot be easily compared 
with the data owing to the oversimplification of the theoretical model (in particular, 
the theory models the whole stream). 

We can still say, however, that the trend shown by Figure 5 may be due to the 
same effect considered in Hollweg's paper. 

5. Evidence for Velocity Shear Instabilities in High Speed Streams 

The point of view, from now on, is that of selecting periods of time where one has 
clearly Alfv6n waves (o-~/Al<< 1) with directions of propagation almost parallel to 
B, and compare the plasma, magnetic field and wave data relative to these periods 
with the theoretical predictions of velocity shear instabilities which have been 
recalled in SeCtion 2. In turn the selection of the appropriate periods is based on the 
results of the variance analysis (shown for two days in Figures 3a and 3b). In 
particular these must be periods with scarse variation of the direction of minimum 
variance (top panels of Figures 3a and 3b) and very small values of o-~/A 1. 

The selected periods are listed in the first two columns of Table I. These are all 
within trailing edges of the corresponding streams, with the exception of the period 
from 22:00 UT to 1:00 UT between days 50 and 51, which refers to a compression 
region. The remainder of the table contains the numerical values of several 
parameters obtained from the plasma and magnetic field data. More specifically N, 
V, B, W are averages (in each period) of plasma density, velocity, magnetic field 
and ion most probable thermal speed, required to calculate average values of the 
ion cyclotron frequencies and of /31. Zl V, AN, AL represent velocity and density 
variations and corresponding scale lengths again for each period. Other two 
parameters listed in the table are the angle between the wave vector and the 
average direction of B, and the parameter r/ defined by (15) which enters the 
formulas for instability of almost parallel Alfv6n waves (14). 

Notice that the dispersion relations (7), (11), and (14) of Section 2, all exhibit two 
branches, an unstable and a damped branch. The conditions (10), (12), and (16) 
which have been called instability conditions, are really the conditions to be 
satisfied in order to have an imaginary part of the frequency, which has then the two 
possible signs corresponding to growth and damping. The discussion to follow 
refers to the possible unstable branches with the obvious understanding that the 
damped branches will not give any Observable wave of a significant level. 
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Testing of the stability criterion (16) ( r />  0), would require the determination of 
the sign of kll/kJ_. This is in principle possible within the minimum variance analysis 
which has been performed. In practice this information is however not reliable as 
tan -1 (kll/k• is too small compared with the measurement precision. 

The absolute values of r /obtained,  suposing that (16) is satisfied, allow however, 
a determination of the growth rate from the relation (14). For r/<< 1, Equation (14) 
gives for the growth rate 3' (which still depends on the parallel wave number kll), 

3' V ~ "  (18) 
kIIV A 

A condition which must be imposed to this instability (or to any other instability) 
to be of relevance at 1 AU, is that the time for growth of the waves must be much 
shorter than the convection time ~'sw of the solar wind plasma from the Sun to 
1 AU (~'sw = 4 days), i.e. 

3,rsw ~ > 1. (19) 

Notice that, in (18) the parallel wave number kll and the angle that the wave 
direction makes with the average field or, equivalently, the value of kll/k• are two 
independent parameters. Consequently, there are in principle two ways of inter- 
preting (and testing with the data) condition (19). The first one would be that of 
referring to waves of a given parallel wavelength 1/kll. In that case (19) would turn 
into a condition of the type r / >  T/min. According to the definition (15) of r/, this 
leads, in terms of angle of the wave with the magnetic field direction, to a condition 
a < a . . . .  where O/ma x ~ / . )D.  Hence,  in the trailing edge of the streams, where the 
velocity shear is smaller than in the leading edges, one would predict smaller angles 
with respect to the magnetic field direction than in the compression regions, in 
agreement with the observations (see Section 4). However,  the conclusion holds for 
a fixed kri, whereas in the data we see the combined effect of a spectrum of waves, 
i.e. an entire range of kll values. Notice also that (for the actual values of v~ and/2ci) 
a . . . .  is very small. The much larger angles which are experimentally observed in the 
leading edges of the streams are more likely due to the diffraction effects (Hollweg, 
1975) mentioned in Section 4. 

A second way of using condition (19), is that of taking the angle O/(or the value of 
kll/k• from the data and then derive from (19) a condition on the parallel 
wavelength of the excited waves. In this case we obtain a lower limit for the parallel 
wavelength, 

/ 
H << 2 V (vA SW) (20) 

which can be computed from the results of the previous data analysis. The next 
point is to decide if the spectrum of observed wavelengths fall into the range 
defined by condition (20). The values obtained for A l, listed in the last column of 
Table I, are in the range 5 • 105-1 • lO 6 kin. 
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Notice that such values are of the same order of magnitude as the longest 
wavelengths which can be investigated through our variance analysis based on 
20 rain periods. 

Looking at the magnetic data for the periods considered, we can clearly see 
fluctuations on time scales down to about 1 min, which correspond (looking at the 
velocity values listed in Table I) to wavelengths 

h o b  . . . . .  ~ (1.5-2)•  10 4 k m .  rain (21) 

We recall that Alfv6nic fluctuations on time scales as short as 30 s, have been 
evidenced in the analysis of Martin et al. (1973), based on Pioneer 6 data and 
embracing also the periods considered here. 

The conclusion is therefore that the wavelengths of the unstable Alfv6n waves, as 
calculated from theory using all the measured parameters (using (20)), are within 
the range of the observed wavelengths. 

This is a proof of consistency of the data (showing almost parallel Alfv6n waves) 
with the theory of local generation of the waves through a velocity shear instability, 
although it is not a definite proof that such instability causes the waves, as we have 
not checked the instability criterion (16). 

Having checked condition (20), it should now be recalled that the spectrum of the 
Alfv6n waves, in the solar wind (Belcher and Davis, 1971; Burlaga and Turner,  
1977) includes actually wavelengths above the limit h i (defined in (20)), (and above 
the limit set up by our choice of 20 min periods) and, in fact, ranging up to 
5 x 106 km. 

One of our conclusions is therefore that, if velocity shear instabilities are playing 
a role, they will tend to generate waves in the higher frequency (or shorter 
wavelength) part of the spectrum. 

Other  mechanisms (and most likely generation at the Sun), and not velocity shear 
instabilities, are responsible for the longer wavelength part of the Alfv6n wave 
spectrum. It is fur thermore plausible that even part of the waves of shorter 
wavelengths, in the range (20), are of solar origin: our positive check of condition 
(20) simply indicates that the wave excitation by velocity shear should also be 
relevant in that part of the spectrum. 

The theory recalled in Section 2 predicts also the possibility of almost perpendi- 
cular waves (both magnetosonic and Alfv6nic) driven by velocity shear, but such 
waves are not observed (see Figure 3). Thus, it is necessary to check whether these 
types of waves should arise, according to the theory, for the actual values of the 
plasma and magnetic field parameters.  

The type of comparison we have done is the following: for both types of 
quasi-perpendicular waves, by looking at the corresponding instability criteria (10) 
and (12) we can find the value of k• which minimizes such criteria (written in the 
form F(k• from this value a minimum velocity shear necessary to excite 
the instability can be derived. For quasi-perpendicular Alfv6n and magnetosonic 
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waves it is found  respectively: 

•  

~ v  =(1+~)  1/~ l + ' q  (23) 
•  Ti/ LN 

In Table  II  we have repor ted,  cor responding  to the same periods considered in 

Table  I, the threshold values obta ined f rom (22) and (23) together  with the 

observed  values of d V / A L .  It is seen that in some cases the threshold values are 

above the observed  values. There  are also cases, however ,  where (A V/AL)o6 .. . . .  is 

slightly greater  than one or  both  the above thresholds.  These cases are close to 

marginal  stability and we must  expect  very small growth rates. A computa t ion  of 

such growth rates, in terms of k .  (of which we do not  repor t  any detail) and 

subsequent  application of the convect ion criterion (19) gives upper  limits for the 

perpendicular  wavelengths  which could be observed,  which are extremely small 

( ~ 5 0 - 1 0 0  kin) in compar ison  with the min imum wavelengths  observed given by 

(21). This means  that, for the parameters  corresponding to the periods considered,  

no quasi perpendicular  waves can be excited by velocity shear, consistent with the 

data  showing only almost  parallel waves. We also have that  possible evidence of 

quas i -perpendicular  velocity shear instabilities, with velocity gradients  of the type 

measured,  could only be searched at much smaller wavelengths and therefore  with 

much higher resolut ion data. 

TABLE II 

Computed (from (22) and (23)) and observed AV/AL values 

AV AV AV Day Hour LN /31 /3 (~ - ) •  h (s-l) (~-)MS (s-l) (~--~)ob .... (S--l) 
(km) , . 

52 5-8 7.9• 0.61 1.22 5.4x 10 -7 1.3• -6 5.8• -6 
52 12-15 2.5x 107 0.82 1.64 3.1x10 -6 5.9x 10 -6 1.1• -6 
51 21-24 3.7x107 0.85 1.70 2.0xlO -6 3.8x 10 -6 7.4x 10 -6 
50-51 22-1 2 . 8 X  10 7 0.89 1.78 3 .8X 10 -6 6.9X tO -6 6.6X 10 -6 
35 14-17 2.6X 107 1.05 2.10 3.6X lO -6 5.6X 10 -6 3.2X10 -6 
35-36 23-2 4.9X 107 0.58 1.17 9.3X 10 -7 2.3X 10 -6 3.8X I0 -6 

6. Conclusion and Discussion 

We summarize  here what  has been obta ined and discuss its actual relevance.  
We have tested our  data  analysis on two high velocity streams against theories of 

wave genera t ion  th rough  velocity shear instabilities. 

In all periods where Alfv6n waves were clearly observed,  with propaga t ion  
vector  almost  parallel to B, we found that  the wavelengths observed th rough  our  
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minimum variance analysis (from - 2  • 104 tO --5 • l0 s km) fall within the 
wavelength range which is predicted (see condition (20)) from application of a 
theory of wave generation through velocity shear. 

This is the degree of evidence we give of the possible role of such instabilities. We 
suggest correspondingly that velocity shear instabilities may be a relevant 
mechanism to generate Alfv6n waves in the short wavelength part of the spectrum. 
Alfv6n waves of wavelengths larger than the value h 1, given in (20), are certainly 
not due to such instabilities and, most likely, have been generated at the Sun 
photosphere. On the other hand, in the short wavelength range (20) both waves 
generated at the Sun and waves due to a velocity shear instability could be present. 

It should be remarked that the linear stability theory which we have applied for 
Alfv6n wave generation, does not give a preferential direction of propagation for 
the excited waves. The criterion (16), for a given sign of v~, is in fact a requirement 
on the sign of kll/k• (and not of kll ). This in contrast with a general feature of Alfv6n 
waves, reported in the literature, namely that their propagation is generally 
outwards from the Sun. However, it should be recalled that we are not excluding, in 
the shorter wavelength range (20), waves of solar origin, but simply point out the 
possibility of having also waves of more local origin driven by velocity shear. Waves 
of solar origin, if also present, would on the other hand again give a general 
indication of outward propagation.* 

Observed spectra of the interplanetary magnetic field are of the type f-~ (a 
1.5-2.2) and hence show decreasing power with increasing frequency. On the 

other hand, the instability of Alfv6n waves driven by velocity shear has a growth 
rate increasing for shorter wavelengths. The contradiction is however only 
apparent. In the wavelength range (20) waves arising from velocity shear instability 
are most probably mixed to waves having different origins and even to other 
non-Alfv6nic fluctuations (such as discontinuities). The power spectra of the inter- 
planetary magnetic field, depending from all these fluctuations, will not therefore 
reflect only the features of the waves driven by velocity shear. 

Concerning the polarization of the observed Alfv6n waves (see Section 4), we 
remark that the instability theory which we have applied, being a linear theory, 
cannot predict polarization properties of the large amplitude waves. Discussions on 
the possible causes of the observed polarization have been given by Belcher and 
Davis (1971) and Hollweg (1975). 

Finally we have tested that the plasma and magnetic field parameters, in parti- 
cular the local velocity gradients, for the periods analyzed, if compared with theory 
of generation of quasi-perpendicular magnetosonic and Alfv6n waves, again 
through velocity shear, imply that waves of wavelength in the observed range 
cannot be excited. Thus, this comparison gives further consistency with the obser- 
vations which show no evidence of quasi-perpendicular waves. 

* Note that this conclusion is obtained using plasma and magnetic field data averaged over ~5 rain 
periods (Belcher and Davis, 1971). 
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In conclus ion,  we should  say that ,  in o r d e r  to exp lo re  in m o r e  de ta i l  the  r e l evance  

of  the  idea  of Al fv6n  wave  gene ra t i on  th rough  the ve loc i ty  shear  ins tabi l i ty  we have  

been  cons ider ing ,  it  is ve ry  i m p o r t a n t  to cons ider  da t a  at  h igher  r e so lu t ion  than  the  

one  used  here ,  as for  examp le  the  magne t i c  da t a  of the  H E L I O S  spacecraf t .  This  

wou ld  l ead  to a m o r e  sa t i s fac tory  def ini t ion of wave  p rope r t i e s  in the  reg ion  of 

h igher  f requencies ,  where ,  accord ing  to this inves t iga t ion ,  the  con t r ibu t ion  of waves  

d r iven  by  veloci ty  shear  should  be  re levant .  

Acknowledgements 

Pla sma  da t a  f rom the P ionee r  6 e x p e r i m e n t  were  k indly  supp l i ed  by  D r  A.  L a z a rus  

of the  Massachuse t t s  Ins t i tu te  of Technology .  

M a g n e t i c  field da t a  were  m a d e  avai lab le  by  D r  N. Ness of  the  G o d d a r d  Space  

Fl ight  Cen t e r  (Washington) .  This r e sea rch  has been  s u p p o r t e d  by the Consig l io  

Naz iona l e  del le  R ice rche  of I ta ly .  

References 

Abraham-Shranner, B. and Feldman, W. C.: 1977, J. Geophys. Res. 82, 618. 
Barnes, A. and Hollweg, J. V.: 1974, Jr. Geophys. Res. 79, 2302. 
Belcher, J. W. and Davis, L. Jr.: 1971, J. Geophys. Res. 76, 3534. 
Belcher, J. W., Davis, L. Jr., and Smith, E. J.: 1969, J. Geophys. Res. 74, 2302. 
Burlaga, L. F. and Turner, J. M.: 1976, J. Geophys. Res. 81, 73. 
Chandrasekhar, S.: 1961, Hydrodynamic and Hydromagnetic Stability, Oxford University Press, 

London, Chapter 11, p. 481. 
Chang, S. D. and Nishida, A.: 1973, Astrophys. Space Sci. 23, 301. 
Daily, W. D.: 1973, J. Geophys. Res. 78, 2043. 
Dobrowolny, M.: 1972, Phys. Fluid 15, 2263. 
Dobrowolny, M.: 1977, Phys. Fluid 20, 1027. 
Dobrowolny, M. and Paravano, A.: 1977, IINuovo Cimento B, in press. 
Feldman, W. C., Asbridge, J. R., Same, S. J,, and Montgomery, M. D.: 1974, Rev. Geophys. SpacePhys. 

12, 715. 
Gary, S. P., Feldman, W. C., Forslund, D. W., and Montgomery, M. D.: 1975, Z Geophys. Res, 80, 

4197. 
Hollweg, J. V.: 1973, Astrophys. J. 181, 547. 
Hollweg, J. V.: 1975, Rev. Geophys. Space Phys. 13, 263. 
Hollweg, J. V.: 1975, Z Geophys. Res. $0, 908. 
Jenkins, G. M. and Watts, D. G.: 1969, Spectral Analysis and its Applications, Holden-Day, San 

Francisco, California. 
Kadomtsev, B. B.: 1965, Plasma Turbulence, Academic Press, New York, p. 78. 
Lazarus, A. J., Heinemann, M. A., McKinnins, R. W., and Bridge, H. S.: 1973, 'Solar Wind Data from 

the MIT Plasma Experiments on Pioneer 6 and Pioneer 7', NASA, NSSDC 73-08. 
Martin, R, N., Belcher, J. W., and Lazarus, A. J.: 1973, Z Geophys. Res. 78, 3653. 
Ness, N. F.: 1970, Space ScL Rev. 11,459. 
Ness, N. F., Scearce, C. S., and Cantarano, S.: 1966, J. Geophys. Res. 71, 3305. 
Stix, T. H.: 1962, The Theory of Plasma Waves, McGraw-Hill Book Co. 


