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ABSTRACT

Statlistical evidence indicates that the posi-
tions of the moon, Mercury, and Venus affect magnetic
activity frequency observed at the earth, and the posi-
tion of the earth affects the frequency of blue clearings
on Mars. This study shows that these effects may be ex-
plained ae a result of the action of shock and bow waves
formed by these bodies in the sﬁpersonically streaming
1nterp1anetary plasma. The attenuation of large kinetic
energy variations in the streaming plasma behind such
bodies is shown to be equal to the square of the ratio
of the Mach number upstream to the Mach number downstream.
For typical solar induced activity, this implies an at-~
tenuation coefficient of approx1mately 1/2 - 1/3. It 1is
also shown that an activity increase is expected in the
bow wave, The observational data fits a model with bow
waves of Mach numbers 2.5 and 15 corresponding to the
two bow‘waves predicted by the theory. The moon's effect
varies from that of the planets in a manner that"can be

explained by its closeness to the magnetosphere.
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I. INTRODUCTION

Bigg (1963 a, b) has presented statistical
evidence for lunar and planetary influences on magnhetic
activity as observed at the earth's surface. There are
peaks of activity frequency when éhe planet is at large
distances from the sun-earth line, indicating an effect
over a region of much greater size than the physlical di-
mensions of the body. Thils thesis attempts to explain
this phenomenon és the result of the bow shoék wave formed
by an object in a supersonic stream. The object is a
planet or the moon, and the stream is the solar wind and
any particle clouds or streams which are emitted by the
sun. The flow 1is supersonic to magnetohydrodynamic waves

within it.

The symbollism used throughout will be conven-
tional, and is listed in the Appendix. It will not be
further explained within the text except where the author

feels that 1t is unclear or unconventional.






II. THE BOW WAVE

a. Hydromagnetlic shocks

The baslc relations for hydromagnetic shocks
areAthe De Hoffmann-Teller equations. An excellent
derivafion of them is given by Bershader (1959, pp. 18-20).
If a rectangular coordinate system is chosen such that
the X axlis is normal to the plane of the shock front and
the y and z axes lie within the plane, the equations have -
the following form:

(1) Conservation of mass

Lpul -0

(2) Cconservation of field lines
— 2.
a. N ES,;] = O
l
— 2 ' 2.
b. -
L_Ux, stl UJ Bx_}l

c. \iuy_ B;}Z = T[Bx_ uE]L

{ |

(3) Conservation of momentum

| : ' Ba B"a
a. + uz% 4+ 2 + 4 = C)
P (O ath '




— ‘ _ 2
b. (oux Uy — B" B.‘_‘S = O

|
-

c. (Ou,xb\% — _B_E}JO“BE—:F = O

(4) Conservation of energy
2
N [= VT (- v T -
2 U -+ Y — | -% + Fo(ou-;. -
a . .
'[ ‘]I denotes the value of the expression in the brac-
kets behind the shock minus its value in front of the

shock.

These equations are too complicated to use in
this form in an analysis of the bow shock wave in a three
~dimensional situation. Kellogg (1962);_Spreiter and Jones
(1963) and Obayashi (1964) use the Rankine-Hugoniot rela-
tions for an ordinary gas, taking vaiues'pf Y = —%ﬁ}—
from 5/3 to 2 depending on the number of dimensions invol-

ved 1n the compression.

The assumption in thils approach is that EBL = 0,
which simplifies the De Hoffmann-Teller relations to the

following form:



(5) Conservation of mass

[eud-0

(6) Conservation of field lines

SNG4 N -1

(7) Conservation of momentum

I
O

ot o BT =0
b. ‘l:(oux (ay ~ Tf;)}a = O

(. '

where Uy denotes the component of ﬁ'tangential to the

shock plane.

(8) Conservation of energy

-
Ei”z + <5 % ATy 1 =0

As B 1s assumed to be.éverywhere perpendicular to ﬁhe

shock front, it exerts only a pressure across the front,
and can theregére be treated as a gas (Y = 2) of pressure |
}P"‘,“S = —a—BP—O ’. The equations then become: N

(9) Conservation of mass

) ['f)ux. :]T— =' o



(10) conservation of field lines

‘-) a
EUL B:[ = O
!
(11) Conservation of momentum

a. BD+ Prog + Pufjlz = [p-\— Pufla =0

b. | _[UY:|2 =0

|

(12) conservation of energy

2.
. _
[Eua ""%,—‘% + %C";?zl O,

where p = \o+ qug

and Y £ Y

If lomqj > IO) \(* :_.a > and if P>> PMS ,‘Y*:,Yt

In this form, equations 9, 11, 12 are identical with the
Rankine-Hugoniot equations. Equation 10 1is an extra one

which merely serves to specify the magnetic fileld.



The largest error created by the assumption
that B,L = 0 lies in the neglect of magnetic tension
terms that should arise from field lines crossing the
interface. If the field in the incoming plasma is per-
pendicular to the velocity, and is incident on a spheri-
cal shock front, i?:is parallel to the front only on a
great circle perpendicular to Ei The approximation may
thus be quite'good on a strip near the“great circle, but
farther back towards the axis of this clrcle magnetic

tenslon terms may become importént.

It must further be noted in applying this theory

B?.
B

(from satellite measureménts). Thus the hydrodynamic for-

b
to the earth that inside the shocked region E:PLﬁ:’V

ces do not predominate over the field forces as 1s the

case in the incident stream.

b. Hydromagnetic waves

In dealing with the bow wave at distances large
compared to the diﬁensions of the body, a wave approach
" is easier than an extension of the discussion of one dimen-
‘sional shocks. At frequencies near and below the ion cyclo-
tron frequency ( W, ), there are three modes by which elec-
tromagnetic waves can propagate. This thesis is concerned
mainly with low frequencies and will henceforth refer to

them by their hydromagnetlic names. The nomenclature of



Denisse and Delcroix (1963) will be.ﬁsedu The discussion
will be 1limited for the present to the case W &L W) s
and to dense plasmas — plasmas in which the hydromagnetic
velocities are much less thén the speed of light. Under
such conditions, all three modes are non-dispersive, and,
to the first order, electrically neutral. The ions and

electrons move together.

- The oblique Alfven mode has a phase velocity:

13 ' 2
(13) VP?— v,

2
cos ®

i

where 'C)"is the angle between the plane wave propagation
> ' —>
vector ( k ) and the steady magnetic field ( B, ). The
particle displacements and the perturbing magnetic field
. - ~—
are perpendicular to ‘30 and k > S0 that there is no
coupling with the other two modes which are confined to
— — ’
the plane defined by B, and k . The group velocity is
N 2 =
given by v% = \4 , and 1s parallel to E% , indicat-

ing that energy transfer can take place only along the

field lines in the oblique Alfven mode.

The accelerated and retarded magnetoacoustic

modes have phase veloéities given by:
(14) 2 2 ' 2\,2 .
e _ Mo+ M j:A/\4¢-+ \ég = 2Va Ve cos 2@

Vo =

the + and - signs indicéting acce}erated and retarded modes



respectively. Xé = /:%ﬁ;— is the speed of "sound"
in the plasma i.e. the speed at which a compression wave
will propagate through an unmagnetized piasma. The par-

ticle veloclty component ratios are given by:

(15) Vo _ _| (\/s'?‘ _‘>. -

Va tan ® VF’a
where the coordinate axes are defined such that x is nor-
mal to B. and k , and z is parallel to k . 1r \Q

and V% are of the same order of magnitude, the motions
of the accelerated and retarded mode particles are not

| orthogonal, and there is coupling between the two modes.

Polar velocity diagrams are shown for \/A >\/5 and
Ve > \/A in figure 2.

For the two extreme cases: \é >> Va and
\/A>> \/s ~, the coupling becomes small. If \/k > \/5 ,

the accelerated mode has a phase veloclity Vp = Nﬁ s
and the particle motion is perpendicular to E;:‘ . This
mode 1is a combination of an Alfven wave along'the field
and a compressionalbwéve acrogss the field. The slow mode
has a phase velocity Ve = Vé cos C) , and the particle

motion and energy transfer are parallel to E3o , the group

velocity being \/5 . Conversely 1if \/5 > \/A - , the
fast mode has a phase velocity Vp == V. . The particle
—

motion is parallel to k . It is a combination of a



10

\l AR A
/ retarded
Bo'
V >-
Vs ‘ A
(Q) VA>V3
2 2 |
V, Vv
\1 A TV accelerated
Bo
>

B Vg>Va

Pigure 8. Polar veloeclty diagrams for magnetohydro=
_ dynamie waves.
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sound wave along the field line and a compressional

wave perpendicular to the field. The slow mode has

a phase velocity VP = %& cos GD . It is very
little different from an oblique Alfven wave, and repre-
sents energy transfer along the field lines. 1In elther
of these extreme cases from any given stationary source,
-there should be almost spherical radiation fronts in

the accelerated magnetoacoustic mode, and radiation
along the field lines in the retarded magnetoacoustic

and Alfven modes.

Applying this to the bow wave prbduced in steady
supersonic flow, the accelerated mode should produce an
almost éircular cone, and the slow mode and the Alfven
mode should produce two-dimensional V's. The V will not
be symmetric about the flow direction.except in thé case
when the interplanetary field 1s perpendicular to the
streaming velocity. It wlll become more symmetric with

increasing Mach number.

¢. Hydrodynamic blunt body problem

There have been a number of attempts to calculate
the flow near a sphere submerged in a supersonic stregm:
Lin and Rubinov (1948); Dugundji (1948); Hida (1953); Van

Dyke and Milton (1958); Van Dyke, Milton and Gordon (1959);
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Inouye, Mamenu and Lomax (1962). The last three obtained
results by numerical analysis, and the first three ob-
tained analytical solutions. The approach is generally
to assume Rankine-Hugoniot flow through the shock, and
arbitrary flow conditions behind it. Thus for example,
Hida assumes incompressible irrotational flow whereas
Van Dyke et al assume compressible irrotational flow.

The results are valid only in a region in front of the
‘sphere because of the type of approximaﬁion made. _Ex—
perimentai observation indicates that a pattern similar

to that 1in figure 3 is formed.

In threé‘dimensional supersonic flow, small
amplitude disturbances‘propagate along Mach cones., If
a body 1s axially symmetric these can be treated as Mach
lines similar to the two dimensional case. These lines
are shown in figure 3. It can be seen that the rarefac-
tion tends to catch up with the front shock and wait for
the rear shock, showing that such a disturbance will at-
tenuate more rapidly than geometry and viséosity indicate.
This is referred to as the rarefaction "eating into the
shock". However, despite this effect, shocks are often
observed at great distances from a source compared to
the source size, e.g. sonic booms from aircraft (25 miles,
H.A. Wilson, Jr., 1962) and bow waves from small boats. '

For aircraft sonic booms, Af: °<-—L—— (H.A.vWilson, Jr.,'

3
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.. subsonic flow

0O
0°° turbulence

shock

Figure 3. Supersonic flow past a sphere.
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1962). This implies-that the energy o« r~'"°

The shock is asymptotic to a Mach cone with
angle arc sin where M is the Mach number of
Hu \ ‘
the incident stream. It approaches this cone as it
degenerates into an ordinary small amplitude wave. Thé

basic wavelength of the disturbance will be somewhat

larger than the body size.

If the.fiow 1s quasi-steady (variations of

muéh greater length than the body size), the principal
disturbaqce produced'éhould be the bow wave, Figure'hb
shows the typé of pattefn that would be produced by con-
stant speed sinusoidally, varying Mach number flow (Which
~ implies density fluctuations). This bow wave varies both
in strength and direction. 1In an 1rregulér1y‘varying
stream, a receiver at A  would observe a great variéty

of frequencies and amplitudes.

d. Difference between hydromagnetic and hydrodynamic

bow waves at large distances from the source.

Perhaps the greatest modification of the hydro-
dynamic picture arises from the existence of three modes
of propagation in a plasma. The.accelerated magneto-

acoustic mpde will form a:Mth cone, and the oblique
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Figure 4. The bow wave. (a) steady state flow;
(b) sinusoidal Mach number - slowly varying.
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Alfven“and‘SIOW"magnetoaéoustic modes Mach V's as theilr
group“velocitiesVare parallel to the magnetié field.
The‘Alfven“mode has the same group velocity as one of
the other'two, and consequently only one cone and one
V will be in evidence. Over a time average of the type
used by Bigg (1963 a, b), the field may be expected to
take up many’different orientations, and all modes of

propagation may be expected to be in evidence.

The Mach angle (8 ) for a V will be a function
of the angle betWeen the interplanetary field and the
velocity as well as the Mach number. Flgure 5 shows the

geometry of the situation, giving the equation:

(16) ™M, = sl'n (‘q’e— o)
sin

. g — .
In the speclal case B 1l U , this reduces to the form:

(17) MI‘ - » |

+an ©

Similarly, for the cone, ellipsoidal wave fronts make the

relation

(18)

— I
P4' — sn B

which is exact for spherical wave fronts, only approximate.

If there is a large discrepancy in the values of Vé and
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Figure 5, Mach V and wave path.

Mach cone

Figure 6. Mach cone and wave front.
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\/; » the wave fronts wlll be approximately sphefical

and equation (18) can be used.

If \é -~ \Aq s coupling occurs between the -
two magnetosonic modes, indicating that a wave of one
-type would act as a source for the other. If one 1is
much larger than the other, this effect is negligible.
‘There 1s also no coupling for propagation parallel to
the field, as one of thé modes becomes an Alfven wave.,
Perpendicular to the fleld, there is only one mode of
propagation, and as sﬁch a distinct peak of energy must
exist. At other angles, the behavior is very complicated,
being a regime 1ﬁ which the fast mode is changing from a
combined Alfven and perpendicular pressure wave to a-comr
bined longltudinal pseudosonic and perpendicular presgsure
wave. The energy 1s probably spread over a large region
of space, each mode acting as a sourcé for the other,

The existence of uncoupled modes parallel and pérpendicu—
lar to the field should retain the validity of the argu-
ments presented in this thesis despite the coupling, and
should accordingly produce magnetic activity peaks at the

same positions as for uncoupled propagation.

As W ~ w, in the shock front itself, the
plasma will be dispersive, particularly for the retarded

mode which reaches a resonance point at this frequency
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(Denisse and Delcroix 1963). The dispersion will be
small for the other modes. The effect will be to break
the retarded mode into a dispersed'train of waves. In
such a train, each frequency would tend to follow its

own Mach V or cone.

The geometric attenuatlion of accelerated mode
waves will be similar to that of sound waves, with an
energy drop off ot —%r along the cone. For the
guided modes, there should be no geometric attenuation
wilth distance. However 1n all cases there should still

be the equivalent of the rarefaction eating into the

shock.
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IIT. INTERPLANETARY SPACE

a., The solar wind

The solar wind 1s believed to be the expanding
solar corona, which Parker (1963) has shown to be un-
stable — the sun's graviﬁational field beilng insufficilent
té contain the high temperature (1O6°K) gas. It takes
about 5 days to pick up speed, and then about four more
days to reach the earth's orbit. As the kinetic energy
of the gas is much greafer than the magnetic field energy,
the fleld lines from the sun are dragged out with the
fluid, forming spirals due to the hosepipe effect (Parker
1963). It is, however, a very "gusty"‘wind, and the field
contéins many kinks and wiggles. The properties of the
wind as measured by satellites (Explorer X, Mariner II,
Lunik I and II) in the vicinity of the earth are given

in table I.

b. Particle clouds

Another feature of interplanetary space 1s the
particle clouds assoclated wlth solar flares. These have
higher velocityAand density than the solar wind, taking
about two days to reach the earth, where they cause mag-

netic storms. Thelr properties in the vicinity of the
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earth are also summarized in table I. Sudden commencement
storms are believed to be caused by such a cloud preceded

by a magnetohydrodynamic shock wave.

c. Magnetohydrodynamic theory

Magnetohydrodynamic theory and consequent fluid
flow methods requires that:
(1) All disturbance dimensions be much greater than the

“ particle gyrationvradius.‘ |

(i;) All frequencies be less than the ion gyration frequency.
Thrée cases are consldered. These correspond to conditions
in the solar wind, thé particle cloud, and the region be-
tween the shock front and the obstacle. Table II shows
the relevant parameters for protons in such regions, using

typical valuesd the variables.

It can be seen that we must deal with dimensilons
much greater than 100 km. and frequences much less than
1 cps. This does not apply to the shock front itself which
contains the mechanism of thermalization of the streaming -
energy. Ali}the planets fulfill these requirements. The
moon is the smallest body considered having a diameter of
about 3500'km. The basic period of the disturbance caused

3500
)

by this body will be somewhat larger than — a factor

of 10 greater than the 1lon cyclotron period.
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Table I Properties of the solar wind and particle

clouds near the earth.

Solar Wind Clouds
streaming velocity| 300-500 km/sec. 600-1000 km/sec.
particle density 1-10 /cc. 5-30 /qc.
temperature ~ 2Xx 105°K . ~ T X 105°K
contained field ~ 5 | . 10-50 Y
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Table 1II

1

Values of relevant parameters in interplanetary space.

\/ IZ-Y‘(I (km./sec.)
C :

my

140

Parameter Wind Cloud Shock
region
Field strength (v ) 5 20 30
Temperature (°K) 2 x 10 7 x 10
Thermal velocity =/X
, poy
km./sec. 70 100 300
ro= MV (km.) 140 50 100
i B :
Wi q”“? (cycles/sec.) .5 2 3
Ve = _B  (km./sec.) 50 100
S |
100
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d. Supersonic flow

It remalns to show that the flow is supersonic
for all magnetohydrodynamic modes. Two veloclties must
be considered: the Alfven velocity b\/“‘:\[—y?—? , and
the pseudosonic velocity which 1s given by Denisse and

Delcroix (1963) as:

2 N
v = = Reme Ve + nim Vi
5 | NeMe +  Ni M
Y 2
where Me Ve, = Ye kTe, and Wi \/.‘L = Yj'k-T:.'

If Ne = M and thermal equilibrium exists between lons
vl'_n_ 2y kT
s — m,

The value of

and electrons,

Y here is not clearly defined, depending on the number
of degrees of freedom (s). Y :.-éL%—éL- For pro-

pagation parallel to the field, the magnetoacoustic wave
undergoes essentially a one dimensional compression, and

as such has s = 1, and Y~ = 3. Perpendicular to the field,
the compression is two dimensional giving s = 2, and

Y = 2. The relevant values of Vk ana V%. are shown
in table II. The streaming velocities are well above the
wave veloclties, implylng supersconic flow with Mach numbers

in the range from one to ten.
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IV. PREVIOUS SHOCK WORK

a. Kellogg (1962)

Kellogg makes the assumption that the inter-
planetary field is normal to the streaming'Velocity,
and the plasma can therefore be treated as é-hydro-
dynamic gas using Y= & . This is essentially
the approximation considered in IIa. His further develop-
“ment uses the results of Hida (1953), in which incom-
pressible flow around the body 1s assumed after the fluid
has passed through a Rankine-Hugoniot shock. - The approxi-
mations involved make the solution reliable only in a
region in front df the sphere, as explained in IIa. 1In
addiiion Keilogg calculates the flow weli béhind the
sphére along'the central streamlines by considering adia-
batic expansion of the gés té the pressure of the incoming
fluid subsequent to paséage through the shock. Combining
the Rankine~Hugoniot relations and the expression for-
adiabatic expansion: |

he derives the expression:

2
~-1_ : 2

M2+ 2
(55 1) [ PIMP - v‘ﬁ -1

2

(20) M2 =




: _. .. x-=1_
where P = ~ 1

Thé subscripts indicate the corresponding regions in

figure 7.

b. Spreiter and Jones (1963)

Spreiter and Jones use similar approximations
to Kellogg. They use the numerical methods of Van Dyke
et al (1958, 1959), and allow for compressible hydro-
dynamic flow behind the shock front. They also allow
for the non-sphericity of the magnetosphere using the
boundary calculated by Beard (1960) rotated about the
sun-earth line. Once again the approximations discuséed

in IJa are used.

¢. Obayashi (1964)

Obayashi discusses the satellite data of 13
space probes interpreting their observations in terms
of shock theory. He also discusses their findings of

the properties of the interplanetary plasma.

d. Beard (1964)

Beard discusses the phenomenon from a particle

viewpoint. He discusses the case of the interplanetary
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Figure 7. Geometry for Kellogg's equation.
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field parallel to the streaming velocity, and concludes
that except for a small pocket of particles at the sub-
solar point, the particles will flow adlabatically around
the body. The hosepipe effect (Parker, 1963) implies
that the field lines are on the average at 45° to the
streamlines (Walters, 1964), and so the configuration

——p ‘ -_— ‘

B3 / U is infrequent. For an oblique field,

~ Beard obtains results similér to those of Kellogg.
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V. CONDITIONS UNDER WHICH SHOCKS FORM

a. Body with a magnetosphere

| The mechanism of formation of a standing shock
and bow wave for a body with a magnetosphere has been
well described: Kellogg (1962), Spreiter and Jones
(1963), Axford (1962), Obayashi (1964), Beard (1964).
It involves the interaction of a plasma and a contaihed
magnetic field with a magnetic field. It seems likely
that many of the bodles of the solar system have magnetb—
spheres, particularly those with orbits oﬁtside Venus.,

Thesevplanets should have a corresponding shock wave.

b. Immersed conducting body

In order to cause little disturbance in the
flow, a body would have to allow the ﬁassage_of lines of
force at the veloclty of the streaming plasma. Diffusion
processes are much too slow. It could be accomplished
by a‘polarization electfic field E? = U;>< E? . FPFor

u - 400 km./sec. and R =5y ,E=2x 1073
volts/m. For a body the size of the moon, this represénts
a voltage of 7000 volts across 1t. Such a voltage buildup
seems unlikely for a body immersed 15 a highly_conduoting

plasma. It 1s likely that charge leakage would occur at

the sides.
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The above process requires the "defreezing" of
lines of force at the front of the body, and must result
in the formatilon of a transient atmosphere and ilonosphere
for such a body. This has beén discussed for the moon
by Herring and Licht (1959), Singer (1961), Nakada and
Mihalov (1962), Weil and Barasch (1963), Gold (1959), and
Hinton and Taeusch (1964). Hinton and Taeusch obtain par-
ticle densities of 106‘/cc. for neutral particles, and
103'/00° for l1ons. The gas pressures are greater than
the solar wind pressures, and hence will act as the con-
ducting body which forms the shock. It is likely that

the ion sheath, or ionosphere, will be densest on the up-

stream side of the body.

If a body is surrounded by an atmosphere and
ionosphere and no magnetic field, the ionosphere will play
the part of the conducting body, and a shock wave can still

be expeéted.

A1l the bodies of the solar system should fall
into one of the above classifications, and may thus be ex-
pected to have shock waves unless size considerations ex-

clude them from the regime of hydromagnetic theory.
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VI. MAGNETIC ACTIVITY AT LARGE DISTANCES FROM THE SOURCE.

At this stage, the author wishes to suggest the
following ideas:
(1) There will be a decrease_in magnetic activity within
‘ the region behind a shock wave. The activity will
be least on the central stream line.
(1i) There will be an increase of magnetic activity in
" a bow wave. ~ An attempt will be made to Justify each

of these statements in turn.

a. Activity minimum

As fluid passes through a shock system of the
type near the eérth, energy 1s‘transformed from kinetic
streaming energy into thermal energy. A greater flow
produces a stronger shock, resulting in a greater loés
of streqming-energy. This implies that a slow varlation
in energy flux is attenuated as it passes through the
shock. A strict analytic evaluation of this is not pos-
sible because of the indeterminate nature of the shock
equations. (There is one more variable than equations)

Ideally one would like to evaluate:

‘D;u} =+ O-«) = d (Da ual)

s \
( fl“lﬁ 4’%’\) Ci (‘3|H|%)

(21) o\
| a
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However, it is possible to relate this to the
work of Bigg (1963 a, b), as his results are based on the
frequency of occurrence of magnetic activity. He uses
the numbers of magnetic storms and intervals in which
KP z 30 . As the time intervals on which these are
based are long, they are a measure of A E3 rather than
of 3% . If these fluctuations are assumed to be
due to pressure changes at the magnetosphere boundary,
we are indirectly measuring A (‘ou’“-» P) == A (@u")
(This assumption should be approximately true until ring
currents have had time to build up, and even then the mag-

netic disturbance may give some indication of pressuré

fluctuations at the boundary.) Thus an attenuation in

AN (Pua would imply an attenuation in A 2
The attenuation in A (fn)’") -is given by:
(22) . (PUI):«L moax = (pul)a win

U\")\ X — ( PH")lmm

s (M o) — (M) ma (s
(M\ )max — (M F)mm <M= >

where the subscripts apply to the regions shown in figure 7.
For large fluctuatibns, the minimum terms will be much smal-
‘ler than the maximum terms. For example consider a fluc-

tuation from solar wind to cloud conditions. If the values

2 .
of table II are used, - = == |6 . Under
(M ) men

these gircumstances, it becomes possible to ignore the
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second terms in equation (22) leading to an attenuation

coefficient (A) for large fluctuations in the solar wind:

(23) A = —Ms max
. - Ml

i AKX
A plot of A versus M, is shown in figure 8 for
Y = 2 using equation (20). The vaues used for M, and
M3 must be taken at maximum M, . This should also be
the maximum of M, . Higher M, values are usually as-
sociated with higher particle fluxes. From figuré 8 1t
. can be seen that if this is true, the largest fluctuations
would be attenuated the most. However, if the models pre-
sented in tables I and II are correct, there is little

change in M, wlth activity.

b. Activity maxima

The activity increase in the bow wave can be
discussed only qualitatively. The bow wave will exist
during quiet condlitions, but it is pﬁobably of too small
an amplitudé to produée a measurable effect. During storms
the kinetic energy of the streaming fluid increases by one
or two orders of magnitude, and there should be an increase
in bow wave activity — sufficient perhaps to add noticeable
disturbance to an existing storm or active period. It can
be shown that under idealized conditions, sufficient energy

is avalilable to cause measurable activity.
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Figure 8. Plot of attenuation coefficient against M, .



35

The énergy flux incldent on the front of a body
the size of the magnetosphere (a circle of radius 15 eérth
radii), during storm conditions (n = 20, u = 1000 km/sec.)
18 of the order of 1022 ergs/sec. If energy of this amount
is assumed to spread out in a Mach 3 cone, 1t 1s spread
over a circle of circumference 2 7 8 tén@ 2= 28 at a
“distance 8 behind the source. For typical interplanet-
ary distance, this 1s of the order of 108 km. A recdeiver

the size of the magnetosphere would intersect a line seg-

ment lO5 km. long, and might be expected therefore to
g - 1
recelve ‘%%%ﬁ = 10 3Aof the total energy or 10 9 ergs/sec.

Axford (1963) estimates the energy dissipation during a .
magnetic'storm to be ~v 1018 ergs/sec. Even a factor
of 1oﬂlower_wou1d be capable of produclng measurable dis-
turbance., The above calculation of attenuation took into
“account only geomepric effects. If a dropoff o r'4‘5
18 used, as in the case of the sonid boom (H. A. Wilson, Jr.

-.1962), the available energy is reduced by a further factor
of 10. |

A second independent estimate of the size of the
bow wave is developed here. From the second Hugoniot shock

equation (11), the following relation

(24) Pr—p = Ap = @u:&),*({’u’;)z ~ (Fu§)|



36

- holds across the standing shock in front of the earth,
and out to the sides. The assumption 1s made that the
decrease in [lF) with distance is the same as for a
supersonlc aircraft, distances being measured along the

‘cone. From H. A. Wilson, Jr. (1962):

(25) Apar‘g‘*—

Now if equation (24) is true at peint A in figure 14,
and equation (25) is assumed to hold from there onwards
out along the Mach cone, ZXF) can be caiculated at large
distances. For a Mach 3 cone, A is at about 27 earth
radii from the earth (figure 14) and about 3 x 27 = 81
earth radii from the vertex of the cone. For a typical

interplanetary distance 5 x 107

km., equation (25) implies
that A P O3AP"‘ . By comparison with sudden storm
commencements, which must also represent a pressure Jump
~ fDUx. » this represents magnetic fluctuations of a
few gammas at a receiver. This 1s perhaps a little low

to produce much difference in magnetic activity, but the

uncertaintles in the assumptions could easlily make a 4if-

ference of a factor of 10.

For a Mach V, there 1s no geometric attenuation,
and therefore no energy problem. If \Q > Vé , the
Alfven mode V will be coincident with the fast mode, supply-

ing extra energy in the cone, and extra magnetic activity.
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The theory-then predicts that there willvbe
an'activity minimum behind such a body, and two maxima
on each side correspéndingtto the three modes of propagé-v.
tion. The remainder of this thesis will be‘concerned with

the comparison of experimental evidence with the theory.
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VII. EXPERIMENTAL EVIDENCE AND COMPARISON WITH THE THEORY

a. The Planets

It has been suggested by Bigg and De Vaucouleurs
(Bigg, 1963 b) that the blue clearings of Mars may be
related to magnetic activity frequency; For the purpose
of this thesis 1t will be assumed that the frequency of
blue clearings is a maximum whén a minimum of magnetic
activity exists at Mars aﬁd/or in the line of sight be-

tween thé earth and Mars.

Figures 10 - 13, all from Bigg (1963 a and b),
show the dependence of magnetic disturbance frequency on
the planetary positions of Mercury, Venus, and the moon,
and the blue clearing frequency for Mars. Table III shows
the Mach angles that correépbnd to the peaks ihdicated by
the arrows in figures 10 and 11, and the minima in figure
12. The geometry on which the calculations are based 1is
shown in figure 9. The BB maxima are later associated wlth
a guided slow mode Mach V, and the use of equation (18)
rather than (16) to calculate Mach numbers for these peaks
must introduce some error. If during storms the interpla-
netary field is not oriented, on the average, in a directlon
within about 45° of the streaming velocity, the errors should

not be large. It must be pointed out that the angle o( in
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" bow wave

receiver

Figure 9. Geometry for table III.
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each observation given equal weight.
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Figure 12. Blue clearing frequency - Mars.



TABLE» III. Experimental results in terms of Mach angle and Mach number.
Fig. Angle aaL Eef— 4 ~ b Mach angle © Mach number
ween peaks, M = snO = o s\no b " degrees M
degrees d ]
AR BB AA BB AA BB AA BB
10a 32 ? .382 1.38 22 2.6
10b 27 ? ;324 1.38 19 3.1
10c 34 ? .4os 1.38 24v 2.5
1la 13 none | .292 éﬁ§8 17 3.4
11b 18 2.7 .405 .061 2.58 24 3.5 2.5 16 .
12 31 5.0 .408 .067 1.52 -'24 3.8 2.5 15
ant aal ant aat
10b 34 ? .bos 1.38 24 2.5
1la 16 ? .360 2.58 21 2.8
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figures 10 to 12 is the actual angle sun-receiver-source,
and not the angle from inferior conjunction. Venus, &t
inferior conjunction, is at angles from o° to 8° from the
sun-earth line, resulting in a scarcity of points in the
region 6° east to 6° west. This makes it impossible to
determine if BB type maxima appear in figures 10 a, b, c;
The few points available and the approaches to the region

indicate that there probably are maxima within this region.

In figure 10b, it is not obvious which peak

should be used on the east side of the AA maxima. There

is not a clearly defined peak rising well above the others.
Similarly in figure lla there are four competing maxima.

If instead of taking the inside maxima, the centre PC of
the region of uncertainty (as shown by the shaded rectangle)
i1s used, the results from these two figures are more consis-
tent with the others. Alsc the easterly maximum is now at
a slightly lérger angle than the wésterly maximum, as it 1is

for all cases with clearly deflned peaks.

The results fit a model with Mach numbers 2.5 and
15 for the two types of bow wave. These we associate with
the accelerated and retarded magnetoacoustic modes in turn
with the oblique Alfven mode adding to one of these depend-

ing on the relative sizes of VQ and Vé
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The lack of BB type maxima in figure 1lla 1s
interesting and suggests a number of possible properties
of great storms as an explanation:

(1) The interplanetary field may be aligned north-south

' during a great storm, so that no guided mode waves

would reach the receiver. |

(i1) The interpianetary field may be broken up (highly
turbulent flow) during great storms, restricting
propagation by gulded modes to short distances.

(11i) The Alfven and sound velocities may be equal imply-

‘ ing equipartition between thermal and magnetic energies.
(iv) The field lines may be radial.
At bresent the author sees no reason to express preference

for any one of these possibilities.

The theory predicté that, because of geometrical
attenuation, guided.modes will have more energy at suffi-
ciently large distances thén modes which produce conical
bow waves. This 1s certalinly indicated by figure 1llb, and
it is unfortunate that it is not possible to compare the
relative magnitudes of the two types of peaks with those
in figure 10c . However, 1f blue clearing frequency does
decrease monotonically with magnetic activity increase,
"figures 12 and 11 b show that the attenuation 1s in agree-

ment with the theory.
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b. The moon

Any effect of the moon on magnetic activity at
the earth may be expected to.be small as a result of the
large ‘size of the magnetosphere (see Figure 14). For in-
stance, at new moon the attenuated region inside the inner
bow wéve”represents a spot of radius 3 earth radii on the
front of the magnetosphere, and cannot be expected to have
a lafge effect at the surface of the earth. Any observed
variation in magnetic activity frequency with lunar angle
must be a function of the angle of incidence of the bow
wave on the magnetosphere, the sensitivity of the magneto-
sphere to pressure fluctuations at the point of incidence,
‘and the efficiency of transfer of energy from this point

to the surface of the earth.

Bigg (1963 a, b) obtains the variations shown in
figures 13a to e. There 18, however, some question as to
the statistical significance of these results. If the re-
sults are accepted, the maxima in activity for 45°% oL £80°
indicate that the energy transfer i1s most effective when
the outer bow wave 1s incident on the side of the magneto-
sphere. The minimum at new moon could indicate that no
energy 1is receivedvfrom the outer bow wave at this time.

The maximum near full moon can only be associated with the
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passage of the moon through one of the following:

(1) ~ The tall of the magnetosphere.

.(ii) Fileld lines shared by the magnetosphere and the

} “interplanetary plasma.

+ (1ii) A subsonic region in the lee of the earth.

With the moon in such regions, the "tail wagging®" of the
magnétosphere due to variations in the incildent magnetized
plaSma, and any other fluctuations, would be expected to
produce a variety of hydromagnetic wavestithin the mag-

netosphere which could cause a disturbance increase.

The top line of figure 13e is for sudden com-
mencement storms. This involves the interaction of a
hydromagnetic shock wave with the two bow shock waves — a -
situation very poorly understood. No attempt will be made

here to explain the resulting activity frequency plot.
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VIII. CONCLUSIONS AND SUMMARY

The interplanetary plasma and magnetic field
‘can be treated as a fluld with supersonic velocity. As
such, 1t forms shock and bow waves at any planet within
its flow. The bow wave takes the form of a Mach cohe
for the accelerated magnetoacoustic mode, and Mach V's
for the guided modes (the retarded magnetoacoustic aﬁd
the Alfven). The Alfven mode coincides with either the

cone or thé other Mach V, resulting in only two bow waves.

There 1s an attenuation of magnetic activity
frequency behind such an obstacle, the coeffilclent of
energy attenuation being given by equation (23). There
is also an increase of magnetic activity along a bow
wave. Thus, the experimental results should exhibit a
minimum of activity at inferior conjunction, and two maxi-
ma on each side. The observed maxima correspond to Mach
numbers of 2.5 and 15 implying a velocity ratio between
Vi and Vo of 6:1. mhe theory does not indicate which
is greatér. There should be geometric energy attenuation
c(‘%: along a cone, and none along a V. This is implied
by the experimental results. The Mach angle for a V is

glven by equation (16).
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The activity frequency diagrams for the moon are
quite different from those fof'the“planets. This 1s due
- to the size of the magnetosphere being of the same order
as the earth-moon distance. The result is that the mag-
netosphere intersects large sections of the bow wave pattern,
and therefore little magnetic effect should be felt at the
surface of the earth. Bigg (1963 a, b) shows an activity
dependence on lunar position that can be explalned by the
presented theory. However, there is doubt that his obser-

vations are statistically significant.

'ﬁlbther theories of planetary effects on magnetic
activity at the earth are few. Bigg suggests that the
planet and the cloud may have electrostatic”charges; It
is difficult to see how this could produce two maxima on
the magnetic activity frequency plot. Indeed, the cloud

has to be nearly neutral in ordervnot to fly apart.

Houtgast and van Sluiters (1962) suggested that
Venus achleves its effect by having a very large magnetic
field. This’has,been disproved by the results of the

Mariner 2 space probe.

There is another possibility that is especially
""“"? _]»
applicable to the case of (i L \y . This 1is that

particles are squeezed out along the tubes of force as the
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field 1is compreése‘d. They would move from a field =50 v
in the shock to a region where B == \0v 5 cdnserving
*L%iii = constant. Thils constancy of magnetic moment

implies that  Vy (distant) == /. (shock) "_“_:-‘2». u,
It would give the appearance of a Mach V with Mach numbé:
2. . This produces only one activity peak, but could
combine with one hydromagnetic cone or V to produce theb
complete pattern. As the velocity of these particles is

of the same order as the waves, travelling wave tube ampli-

~fication of one of the guided modes 1s possible.
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X. APPENDIX - Symbols and Conventions Used.

‘attenuation coefficient

A
EB magnetic fieid

»

unperturbed magnetic field

interplanetary magnetic field

specific ‘heat at constant pressure

specific heat at constant volume

electric field

as subscript denotes "of electron"

as subscript denotes "of ion" (except Bi )
Boltzmann's constant
wave propégation vector
mass of particle
numbef.density

Pmag + P

gas pressure

0 V3 3 xjx- 0 WO TP

magnetic pressure

charge

lon gyration radius

distance

number of degrees of freedom
temperature

as subscript denotes the tangential component

C a e 5 3079
B

streaming velocity of a fluid
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u,,uy Pperpendicular and parallel components of u
\ particle velocity

\/A Alfven velocity

\/5 veloclty of sound

Va group velocity

Ve phase velocity

\/ volume

x,3,2 coordinate axes, As subscript, they denote'
components

angle sun - receiver - source

=
angle between T(’ and [3,

L

®

6 Mach angle
"P angle ‘between é-: and ?
Y ratio of specific heats
Y" defined in the text p. 3
’Jn permeability of free space
<O density

w angular frequency

- Wy don cyclotron frequency



