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EVIDENCE FOR HYDROMAGNETIC WAVES

IN THE INTERPLANETARY PLASMA

Paul J. Coleman, Jr.
Institute of Geophysics and Planetary Physics
University of Celiformia, Los Angeles
Los Angeles 24, California

Evidence for the rather general existence of ionized gases
and magnetic fields in interplanetary space and in interstellar
space, and evidence concerning the likely properties of these gases
and magnetic fields, have led to the assumption that magnetohydro-
dynamic waves would propagate through these regions (c.f. Alfvenl).
This note is a preliminary report on evidence for the existence of
these waves in interplanetary space. The measurements which pro-
vided this evidence were obtained with the fluxgate magnetometer and
ion spectrometer, or plasma probe of the electrostatic analyzer type,
on board the spacecraft, Mariner 2. These measurements were obtained
on a trajectory between the earth and Venus during the period
29 August through 15 November, 1962. Measurements of three orthogonsal
vector components of the field and of the vector component of velocity
of the interplanetary plasme in the direction radially outward from
the sun were obtained during the four-month flight of Mariner 2
between the earth and Venus. Our purpose here is to show that the
properties of the variations observed in the magnetic field and

plasma velocity satisfy certain necessary conditions of hydromagnetic
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wave behavior.

It will be convenient to employ heliocentric sphericel polar
coordinates with the polar axis coincident with the sun's axis of
rotation. Thus, the positive r direction is radially outward from
the sun, the ¢ direction is parallel to the solar equatorial plane
and positive in the direction of planetary motion, and the 6 direction
completes the usual right-handed system.

In this system, the varisbles measured by the magnetometer are

Br, B,, and B¢ and the variable measured by the plasma probe is Vr.

e,
As the first step in a statistical analysis of the data, amplitude
distributions of these variables were examined. It was found that
the distributions were roughly Gaussian.

Next, the records were examined for correlations between the
various pairs of these variables. The procedure employed was the
usual one of obtaining estimates of the cross spectra of each pair
of varisbles for several sections of the record. It was found that
each pair of variables exhibited significant coherence on the aversge,
and that the coherence was particularly strong for the pair Vr’ Br‘
Further, the phase differences were usually found to be either 0° or
180° and roughly independent of frequency. These results from the
cross spectra provided evidence for wave-like motions in the inter-
planetary plasma, and led to the somewhat more quantitative comparison
between the observed properties and those expected for idealized
hydromagnetic waves. The results of this comparison will be summarized

below.



We will be concerned with data obtained during four 10-day
periods and two 6-day periods indicated in Taeble 1. These periods
were selected in order to exclude the major reversals of the direction
of the average interplanetary field that occurred twice during each
period of solar rotation.2 Thus, during each of these periods, the
direction of the interplanetary field was nearly always that listed
in Table 1, wherein a positive polarity is assigned to a field
outward from the sun and a negative polarity is assigned to a field
inwvard toward the sun.

We will consider the frequency range from 1 to 50 cycles per
day (cpd). The lower limit was selected in order to limit the computer
time required for the analysis. An upper limit of 100 cpd was imposed
by tpe sampling rate of the plasma probe. Indications of significant
aliasing between 50 and 100 cpd in the power spectra of Vr prompted
the selection of 50 cpd as the upper limit for the frequency range
of interest here.

However, the magnetic field measurements provided information
in the frequency range 0-1000 cpd. Thus, although we cannot be cer-
tain about the behavior of Vb at frequencies above 50 cpd, we know
that the properties of the field variations in the range 50-500 cpd
are the same as those in the range from 1-50 cpd, except that the
absolute power densities decreased with increasing frequency, reaching
the noise level of the magnetometer at gbout 500 cpd. This result

suggests that the relationships between Vr and B at frequencies in the
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range 50-500 cpd are the seame as those observed in the range 1-50 cpd.
In the frequency range from 1-50 cpd, then, the auto spectra of
the measured variables provided estimates of the power densities, P,
as functions of the frequency. In Fig. 1 are plotted the ratios of
the spectral densities P(Br)/P(Vr), P(Be)/P(Vr), and P(Bw)/P(Vr)
as functions of the frequency, f, for the six sets of data. Note
that for each period the values are roughly independent of frequency.
The cross spectra provided estimates of the magnitude of the
square of the coherence, |R |, as a function of frequency and estimates
of the phase difference, &%, as a function of frequency. It was found
that | R | and §, obtained from the cross spectra for the various
pairs of the measured variables, were for the most part roughly in-
dependent of the frequency. On the average, lR(Vr, Br) | was higher,
by factors in the range from 5 to 8, than | R | for the other pairs,
although all pairs, on the average, exhibited significant coherences.
Thus, only the average values of lR(Vr, Br) | and @(Vr, Br) are
listed in Table 1. (Here the average is taken over fregquency.)
Rather than | R | the quantity tabulated is R/Rmin vhere R .
is the minimum value of R that corresponds to a meaningful estimate

of the phase difference. Thus, if R = Rm , the rms uncertainty in

in
the phase difference is hSO.

From Table 1, it is apparent that the coherence of Vr and Br
was relatively high and that these two varisbles were nearly 180°

out of phase when the average field was directed from the sun (+)



~and nearly in phase when the average field was directed toward the

sun (-). {The apparent differences of ~10° to -15° from 0° and 180°

is & result of the manner in which the time was assigned to the

‘measurements of Vr rather than the result of any real phase differences.)
In comparing the measured values of the ratios of the power

-densities and the phase differences to those expected on theoretical

bases, only the simplest model has been employed. Following ThompsonB,

we considered plane waves in the plasma displaceﬁent, 3, moving

through a uniform, perfectly conducting, isentropic,-ideal gas in a

uniform magnetic field ﬁs for the case in which the gas is moving

with a bulk velocity 70. For such a system, the linearized equations

in the reference frame moving with the plasma are

3p/dt +p_V V=0 | (1)
p (3V/3t) = —vp + (1/n) (V x B) x B_ (2)
ap/at - (yp /o) (3p/3t) = O - (3)
4+ (V/e) x ﬁo =0 (L)
(1/c) ab/at = v x B | | | - (5)

where I8 is the mean density and p is the density perturdbation,
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V= Vo + V is the velocity, B= ﬁ; + b is the magnetic field, P, is
the mean pressure and p is the pressure perturbation, E is the electric
field, v is the ratio of specific heats for the ideal gas, and c is
the velocity of light. It was assumed that VL and 30 are constant and
uniform.

During the flight of Mariner 2, the average value of the field
strength 1§ | was 5y = 5-2!.0'5 gauss. According to Neugebauer and
Snyderh’S , the average value of V_ was 500 km/sec, the average

3

number density for protons was 5 cm” , and the average ion tempera-
ture was about 1.7-1050 .

Now from the equations given sbove, it can be shown that there
are three modes in which plane waves can propagate. Still following
Thompson3, we will designate these modes as the Alfven mode, the
fast mode, and the slow mode. For any particular ideal plane wave,
the power density ratios and the coherences and phase differences
for the various pairs of variables depend upon the average properties

of the plasmea and the field as well as the geometry orientation of

the field and the direction of the wave propagation.

2
®
During the flight o was typically 40° or 40° + 180°, and 8 was

We will let o = tan © (—B¢/Br) and B = tan™t Be/(Br2 +B ).
typically in the range +25°.

We will let ek be the angle from the line of force corresponding
to ﬁo to the propagation vector K for a plane. However, this angle is
always measured from the direction outward along this line of force.

In the calculations for each mode, we will consider the case of a
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superposition of many plane waves with random phases and with the
orientations of the planes of polarization distributed uniformly
over the allowed range. Thus, in computing the average powver
densities, P, the average coherences, R, and the phase relation-
ships, %, for waves at a particular frequency, we computed values
for a random distribution of plane waves or, in effect, values for
circularly polarized waves.,

If we assume that all the waves originate within a finite
region of space centered at the sun, then on the average, distur-
bances produced by waves propagating outward from the sun will
predominate. However, since a point source in a uniform field
will produce & spherically spreading disturbance in the fast mode
and disturbances moving along the field lines in both directions
in the transverse and slow mode and gince there are reasons to

expect disturbances in interplanetary space, it is likely that waves

moving back toward the sun also contribute to the observed variations.

Now the phase relationships between B and V for a wave moving back
toward the sun, differ by 180° from those for a wave moving outward.
Thus, any contribution to B from inwardly traveling waves will
reduce the coherences, indicatea by R, between Vr and Bi’
i=r, 9, rp, but will not change the phase relationships so long
as the contribution from outwardly traveling waves predominates.

Accordingly, the values of R calculated for the ideal waves are

those for the outwardly traveling waves, or cos Bk 2 0. Thus, the



various cases for which P, R, and % have been computed are as follows:

Modes:

Alfven, Fast, Slow

0, 15, 30, 45, 60, 75, 90°
+25, 0°

LOO

Circular

5.0y
5 em”

3

10°%

The results of these calculations of P, R, and § are listed

in Table 2. Values of R and % are given only for the cross spectra

of Vr and Br’ since the equations indicate that in this case the

phase relationship and the ccherence are least dependent upon the

sign and magnitude of B8, and since this pair of variables was

actually observed to exhibit the highest measured coherence.

For our purposes, the most significant quantities listed in

Table 2 are the ratios P(Bi)/P(Vr), i=r, 8, ¢ since these quantities

are directly measurable from the power spectra of Vr and Bi and since

they are less affected by the geometry of the system and the direction

of propagation than are R and $. The theoretical values for the

idealized waves depend only upon IBO |y ns T, the absolute value

of cos ek, and the orientation of the line of force of ﬁo’ without

regard to the sense or polarity of 30.

The theoretical values of these ratiés, as well as those of R



and ¢, are also independent of frequency according to our model.
Since we expect the model to be more realistic at frequencies
well below the ion gyro frequency, 0.5 cps in a fie;d of 5v,
the frequency independence of our measured ratios is expected for
hydromagnetic waves over the frequency range considered here.
Further, the measured values of these ratios are generally within
or close to the ranges given for the idealized waves.

Note also that in the ideal case, variations in Vr and Br
are 180° out of phase regardless of the type of waves, except
for fast waves with ek > 750. These phase relationships hold when,
on the average, K - ﬁo > 0, i.e., when the component of K along
30 is parallel, rather than antiparallel, to 30. Since we have
assumed that the predominant waves move outward from the sun, we
have k - ﬁo > O when the field is outward from the sun. Thus, on
the basis of the model and this assumption, we would expect the
predominant coherent variations in Vr and Br to be 180° out of phase
vhen the direction of the field is (+). This is the phase difference
that was observed when the field was (+).

When the field is (-), K - Eo < 0 and we would expect the
cocherent varietions in Vr and Br to be in phase. This phase
difference of 0° was observed when the field was (-) or directed

back toward the sun.
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Table Captions

Table 1. Ratios of the power densities, coherences squared, and
phese differences obtained from six sets of auto and cross spectra
for the measured variables Br’ Be, Bw, and Vr' The power densities,
P, the coherences squared, R, and the phase differences, 3%, are
averages taken over the frequency range 1-50 cycles per day. The
quantity Rmin is the value of R required for a significant measure-
ment of %, i.e., for a measurement in which the rms uncertainty of

5 is 45°. A (+) polarity is assigned if the average field was
directed outward from the sun; a (-) polarity is assigned if it

was inward toward the sun.

Table 2. Results of calculations of powar-density ratios, coherences
sguared, and phase differences for idealized hydromagnetic waves

2 gauss, n = 5 protons/cms, T = 10°%K.

these calculations, B = 5+10°
The phase diiference, ¥, between a pair of variables is given by the
sign of R, the square of the coherence, for the pair. Thus, the pair
is in phase for R > O and 180O out of phase for R < O. Where two

signs are given, the upper sign corresponds to the case of 38 = 250

and the lower sign is for R = —250. The quantity P for a particular
variable is just the average power that would appear in a record of
the varieble 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 vaves. For transverse waves the
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Table Captions
(continued)

range of ak indicated by 'all' is O < ek < 900. The results given
here are for the case K - ﬁo >0. Fork - Eo < 0, all phase

differences change by 180°.
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Table 2

o  PBI/RV)  R(BI/R(V) P8 )/P(V) RV, 3B) &V, B)

Deg. 10723 ga\uss2 > sect Deg.
Slow Mode, 8 = 0°

0 0.00 0.00 0.00 0.00 ——
15 0.58 1.17 0.76 -0.55 180°
30 1.48 1.83 1.58 -0.82 180°
45 2.35 1.48 2.10 -0.93 1802
60 3.12 0.79 2.43 -0.98 1807
15 3.65 0.22 2.64 -0.99 180
90 3.84 0.00 2.71 -1.00 180°
Slow Mode, 8 = :k250

0 0.00 0.00 0.00 0.00 ——-
15 0.83 1.19 1.00 -0.52 180°
30 1.84 2.06 1.95 -0.78 1802
L5 2.64 2.10 2.39 -0.91 1802
60 3.28 1.82 2.59 -0.97 180,
75 3.70 1.54 2.68 -0.99 180o
90 3.84 1.k2 2.71 -1.00 180
Fast Mode, 8 = 0°

0 10.50 25.40 14.90 -1.00 1802
15 9.08 18.30 11.80 -0.66 1800
30 9.7k 12.10 10.40 -0.30 180
L5 12.20 7.71 10.90 -0.11 180°
60 15.30 3.90 12.00 -0.02 180"
75 17.90 1.07 12.90 0.00 ——-
90 18.90 0.00 13.30 0.00 -
Fast Mode, 8 = +25°

) 10.50 16.60 13.40 -1.00 180°
15 9.08 13.10 11.00 -0.76 180°
30 8.78 9.84 9.28 -0.1L8 180°
L5 9.69 7.70 8.75 -0.28 180°
60 10.90 6.08 8.66 -0.15 180°
75 12.00 4.98 8.69 -0.06 180°
90 12.40 k.59 8.71 0.00 ---
Transverse Mode, 8 = o°

Al 10.00 25.00 15.10 -1.00 180°

1]
&

Transverse Mode, 8

All 7.70 16.00 10.80 -1.00 180



-16-

Figure Captions

Fig. 1. Ratios of power densities. The ratios of the power density
in the auto spectrum of each vector field component, Br’ BB’ and Bw,
to the power density in the auto spectrum of the redial component of
the plasma velocity, Vr’ 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 (F),

slow (S), and Alfven or transverse (T).
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