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This note is a preliminary report concern-
ing a comparison of simultaneous measurements
of the plasma velocity and the magnetic field
in interplanetary space. The measurements
were obtained with the positive-ion spectrom-
eter, incorporating a cylindrical electrostatic
analyzer, and the fluxgate magnetometer on
board the spacecraft Mariner-II, during the
period 29 August through 15 November 1962,
while the spacecraft was in transit between
the earth and Venus. Our purposes here are,
first, to describe the properties of the simul-
taneous variations in the magnetic field, B,
and the plasma velocity, i V 1, and second, to
show that these properties are among those
expected if the variations were produced by
hydromagnetic waves.

It will be convenient to employ heliocentric,
spherical polar coordinates with the polar axis
coincident with the sun's axis of rotation, de-
noted by Qg. Thus, at a point (v, 0, y) the pos-
itive ~ direction is radially outward from the
sun to the point, the y direction is the direc-
tion of Qsxr, and the 6 direction completes
the usual right-handed system. In this system,
the variables measured by the magnetometer
are Bz, Bg, and B&, and the variable measured
by the plasma probe is t/" = t/'z.

As the first step in a statistical analysis of
the data, amplitude distributions of these var-
iables were examined. It was found that the
distributions were roughly Gaussian. Next,
using the usual methods applicable to time ser-
ies that exhibit Gaussian amplitude distributions,
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Table I. Ratios of the power densities, coherences squared, and phase differences obtained from six sets of
auto and cross spectra for the measured variables Bz, I3g, B&, and V~. The power densities, I', the coherences
squared, R, and the phase differences, @, are averages taken over the frequency range 1-50 cycles per day. The
quantity Rmin is the value of R required for a significant measurement of 4', i.e. , for a measurement in which the
rms uncertainty of C is 45'. A positive polarity is assigned if the average field was directed outward from the sun;
a negative polarity is assigned if it was inward toward the sun.

Period,

days Polarity

P(B )IP(V ) P(13e)P'(V ) P(& )/&(V )y s y r
(10—23 Q2 cm —2 sec2) R(V ,8 ) min

4(v, a )r' y
(deg)

243-252
254-263
270-279
282-291
297-303
313-318
Average
Average
Average Both

11.8
7.8
2.3

14.4
6.6

46.1
6.9

22.8

14.5

16.5
21.2
5.3

31.7
16.4
32e3
12.7
28.4
20.6

14.5
13.4
4.2

29.3
14.6
32e3
11.1
25.0
18.1

0.223
0.050
0.039
0.378
0.487
0.097
0.250
0.175
0.213

0.021
0.023
0.019
0.023
0.029
0.035

181+7
-4+14

172 +8
4+4

179+4
6+8
177

2

power spectra were computed from several
sections of the records for each of the four var-
iables, and cross spectra were computed for
all pairs of these four variables. The frequen-
cy range from 1 to 50 cycles per day (cpd) was
examined initially.

Data obtained during the four ten-day periods
and two six-day periods indicated in Table I
were employed. During each of these six per-
iods, the sense or polarity of the interplanetary
field was nearly always that listed in Table I,
wherein a positive polarity is assigned to a field
outward from the sun and a negative polarity
is assigned to a field inward toward the sun.

Let P(X) be the power density at a particu-
lar frequency, f, obtained from the power spec-
trum of the variable X. We will be interest-
ed in the power-density ratios P(B~)/P(V~),
P(Bg)/P(Vz), and P(B&)/P(V~). These ratios
are plotted versus frequency in Fig. 1. Note
that the values for each section are roughly
independent of frequency.

Let IR(X, 1')
I be the magnitude of the square

of the coherence at a particular frequency,
obtained from the cross spectrum for a par-
ticular pair of variables (X, Y). Similarly,
let C(X, Y) be the phase difference at a, partic-
ular frequency obtained from the cross spec-
trum for the same pair of variables.

Cross spectra were computed, from the same
six sections of the records, for all pairs of
the measured variables. On the average, all
pairs exhibited significant coher ences although
IR(V~, B~) I was greater by factors in the range

from 5 to 8 than the values of lR ( for the oth-
er pairs. The mean values of IR(V~, B&) I,
taken over the frequency range 1-50 cpd, are
listed in Table I. These averages are sufficient
for our purposes, but the coherences general-
ly were not strictly independent of frequency
in this range.

The relatively high values of IR(V~, B~) I re-
sulted in relatively accurate estimates of 4(V~,
B~). The mean values of C(V~, B~) are a,iso
listed in Table I. The values of C(V~, B~) were
strictly independent of frequency. The cross
spectra for the other pairs of variables suggest
that C wa, s generally frequency independent,
but the lower coherences in these cases pre-
clude a more definite statement at present.
Note that C (V~, B~) =180' whenever the aver-
age field was directed outward from the sun
(+), and C (Vz, Bz) =0' whenever the average
field was directed toward the sun (—).

In order to compare the properties of the auto
and cross spectra of the measured variables
with the properties that would be expected for
variations produced by hydromagnetic waves,
a simplified model for hydromagnetic waves
was employed. Following Thompson, ' we con-
sidered plane waves in the plasma displacement,
d, moving through a uniform, perfectly conduct-
ing, isentropic, ideal gas in a constant, uniform
magnetic field, Bo, for the case in which the
gas is moving with a constant, uniform bulk
velocity, Vo. Since Vo is uniform, we may treat
the system in the reference frame moving with
this velocity. The transformation back to the
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inertial reference frame simply produces a
Doppler shift in the frequencies of the plane
waves that are under consideration here.

The linearized equations are then
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FIG. 1. Ratios of power densities. The ratio of the
power density in the auto spectrum of each vector field
component, B~, Bg, and B&, to the power density in
the auto spectrum of the radial component of the plas-
ma velocity, V~, is plotted versus frequency for six
sets of auto spectra. The theoretically allowed ranges
for each ratio are also indicated on the right-hand side
of the corresponding plot. Separate ranges are shown
for each mode of propagation, fast (~), slow (S), and
Alfven or transverse (T).

where pp is the mean density and p is the den-
sity perturbation, V=Vp+v is the velocity,
B = Bo+b is the magnetic field, Po is the mean
pressure and p is the pressure perturbation,
E is the electric field, y is the ratio of specif-
ic heats for the ideal gas, and c is the veloc-
ity of light.

Now from the equations given above, it can
be shown that there are three modes in which
plane waves can propagate. Still following Thomp-
son, ' we will designate these modes as the Alf-
v6n mode, the fast mode, and the slow mode.

In describing the orientation of Bp, we will

use the angles n =tan '( B&/Bz)-and p =tan [Bg/
(B '+B&')]. In describing the orientation of
the propagation vector, k, of a plane wave, we
will use L9y, the angle from the line of force
corresponding to Bp to k. This angle is always
measured from the direction outward from the
sun along this line of force. We will denote
by yy the angle that defines the direction of

ki, the component of k transverse to Bp.
For any allowed plane wave, the orientation

of kz and B, determine the orientation of the
plane of polarization of the wave. We treated
the case of a superposition of many plane waves
with random phases and with the orientations
of the planes of polarization distributed uniform-
ly over the allowed range.

For any such distribution of plane waves,
in any of the three modes that satisfies the sys-
tem of Eqs. (1)-(5), the power-density ratios,
the coherences, and the phase differences de-
pend upon the phase velocity, U, the mean field
strength, Bp the direction of propagation rel-
ative to Bo given by (Oy, y)t, ), and the orienta-
tion of Bo given by (o., P). The phase velocity,
in general, depends upon Oy, Bp, pp, and the
temperature T.

Values of P(Bi)/P(V~) (i =r, 8, y), IR(V~, B~) I,
and C(V~, B~), computed for the idealized waves
are listed in Table II for the following 63 cases:
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Table II. Results of calculations of power-density ratios, coherences squared, and phase differences for ideal-
ized hydromagnetic waves. In these calculations, B0=5x10 6, m=5 protons/cm~, T =10~'K. The phase differ-
ence, 4, between a pair of variables is given by the sign of A, the square of the coherence, for the pair. Thus,
the pair is in phase for R&0, and 180 out of phase for R(0. %adhere two signs are given, the upper sign corre-
sponds to the case of P = 25, and the lower sign is for P = ™-25'.The quantity I' for a particular variable is just the
average power that would appear in a record of the variable that was one period of oscillation in length. In these
calculations, it was assumed that the variations would be produced by a superposition of randomly polarized waves.
For transverse waves the range of ey indicated by "all" is 0-Oy- 90'. The results given here are for the case
k Bo&0. For k 80&0, all phase differences change by 180'.

e

(deg)

P(B )/P(V ) P(B )/P(V )

(10 0 cm sec )

P(B )/P(V )
y

R(t/, B )

4(V, J3 )r' y
(deg)

0
15
30
45
60
75
90

0
15
30
45
60
75
90

0
15
30
45
60
75
90

0
15
30
45
60
75
90

0.00
0.58
1.48
2.35
3.12
3.65
3.84

0.00
0.83
l.84
2.64
3.28
3.70
3.84

10.50
9.08
9.74

12.20
15.30
17.90
18.90

10.50
9.08
8.78
9.69

10.90
12.00
12.40

10.00

7.70

Slow mode, P=Q
0.00 0.00
1.17 0.76
1.83 1.58
1.48 2.10
0.79 2.43
0.22 2.64
0.00 2.71

Slow mode, P=+25'
0.00 0.00
1.19 1.00
2.06 1.95
2.10 2.39
1.82 2.59
1.54 2.68
1.42 2.71

Fast mode, P=Q'
25.40 14.90
18.30 11.80
12.10 10.40
7.71 1Q.90
3.90 12.00
1.07 12.90
0.00 13.30

Fast mode, P= +25'
16.60 13.40
13.10 11.00
9.84 9.28
7.70 8.75
6.08 8.66
4.98 8.69
4.59 8.71

Transverse mode, P =0
25.00 15.10

Transverse mode, P = +25'
16.00 10.80

0.00
-0.55
-0.82
-0.93
-0.98
-0.99
—1.00

0.00
-0.52
—0.78
-0.91
-0.97
-0.99
—1.00

-1.00
-0.66
-0.30
-0.11
-0.02

0.00
0.00

-1.00
-0.76
—0.48
—0.28
-0.15
-0.06

0.00

—1.00

—1.00

180
180
180
180
180
180

180
180
180
180
186
180

180
180
180
180
180

180
180
180
180
180
180

180

fast, slow, and Alfvdn modes, and values of
0, 15, 30, 45, 60, 75, and 90' for 6)~, 40' for
a, 0' and+25 for P, 5.0&&10 ' G for 8„5m&
cm 3

(mp =1 proton ma, ss) for po, and 10' 'K
for T.

The parameters used here to describe the
unperturbed medium are based upon averages
recorded during the flight of Mariner-II. The
average value of the field strength Bo was 5y

= 5 &&10 ' G. The angle n was typically 40' when
the field was outward from the sun, and the
angle P was typically in the range +25'. Accord-
ing to Neugebauer and Snyder, '&' the average
proton number density, np, was 5 cm 3, and
the average proton temperature, T, was 1.7
&10' 'K. The average ion velocity, Vop was
about 500 km/sec. The values given in Table II
correspond to situations in which B,.k) 0. For
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Bo k&0, the values of C(V~, B~) would differ
by 180' from those listed, but the power-den-
sity ratios and coherences for the ideal waves
depend upon IBO kl rather than Bo k.

We expect this model to be useful for describ-
ing waves with frequencies well below the pos-
itive-ion gyro frequency, which is 0.08 cps for
a proton in a 5-y field. For a plasma moving
with a. bulk velocity Vo = 500 km/sec, waves
with this frequency could produce variations
in V and B with frequencies in the range from
the ion gyro frequency to 1 or 2 cps, due to
Doppler shifts.

Let us now turn to the comparison of the prop-
erties of the observed variations with the prop-
erties of the variations that would be expect-
ed in the ideal case. The measured and ideal
power-density ratios P(Bz)/P(V~) may be com-
pared in Fig. 1. In no cases do the measured
values exceed three times the maxima of the
theoretically allowed ranges.

We conclude from this comparison that waves
propagating in either the Alfvdn mode or the
fast mode, or both, were present. However,
the presence of waves in the slow mode cannot
be established because the magnetic effects
of slow waves are considerably weaker than
those of either of the other two modes.

Power spectra of the variations of the vector
component of the field along Bo have also been
computed. These spectra are quantitatively
similar to those of B~. Since Alfvdn waves would

produce no variations along Bo, waves in the
fast mode were evidently present. At this point,
we cannot determine whether Alfvdn waves
were present as well.

From Fig. 1, it is apparent that the measured
power-density ratios are frequency indepen-
dent. According to the model, frequency inde-
pendence is expected if the amplitudes of the

waves in one mode relative to the amplitudes
of the waves in each of the other modes are
roughly the same at any of the frequencies stud-
ied+

Under this condition, the phase differences
are also expected to be independent of frequen-
cy, just as observed. If the waves propagate
predominantly outward from the sun, we would

expect C (V~, B~) = 180' for (+) and 0' for (—).
This is just the situation that was observed,
as shown in Table I.

The measured values of the square of the
coherence, IR(V~, B~) I, given in Table I, are
somewhat lower than most of the values given
in Table II. However, even if outwardly prop-
agating waves predominate, any contribution
from inwardly propagating waves would reduce
the coherence. We also remarked earlier that
the coherences showed some dependence upon
frequency. Such a dependence could appear,
even though the power-density ratios and phase
differences are frequency independent, if the
power spectra of the inward and outward bound
waves were somewhat different.
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