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Earth and Moon:
Past and Future

Astronomical observations and dynamical arguments
place new limits on theories of the origin of the moon.

The origins of the earth and moon
and the course of their histories must
be included among the great problems
of natural philosophy, comparable in
general interest to questions regarding
the origin of life and the development
of man. The imminent prospect of ex-
ploring earth’s nearest neighbor further
heightens interest in this ancient prob-
lem. A multitude of new studies, as
well as the revival of older theories,
demonstrates the renewed concern with
cosmology.

Today, the earth and moon form a
close partnership, accompanying each
other in a monotonous journey about
the sun. But, one may ask, for how
long has this partnership existed? Does
the earth-moon system date from the
early stages of the evolution of the
solar system, or is it a more modern
development?

Answers to these questions involve
the dynamics of the earth, moon, and
sun, and, to a mueh lesser degree, the
other planets. In principle, it is possible
to begin with the present position of
the members of the solar system and
trace the changes in their orbits back
in time. Such a program requires a de-
tailed understanding of how the individ-
ual members of the solar system inter-
act with each other. The greater part
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of the interaction can be described in
terms of point masses attracted to one
another by gravitational forces. In the
case of many point masses, we have
only a primitive understanding of the
dynamic consequences of the interac-
tions.

Since the classic work of George
Darwin it has been known that there
is another kind of gravitational inter-
action, dependent both on the deforma-
bility of planets and satellites and on
the existence of friction (7). The fric-
tionally retarded tides influence the
long-term evolution of the orbital ele-
ments of a satellite, and of the rota-
tional parameters of a planet. Indeed,
it appears that tidal-frictional effects
dominate the dynamics of the inner
planets, while many-body interactions
may have affected the evolution of the
major planets and their satellite sys-
tems (2).

In this article I consider the follow-
ing problem. At present the motion of
the moon and the rotation of the earth
are specified by a finite set of param-
eters. Owing to tidal friction, these pa-
rameters change with time. What range
of initial conditions could yield the
present state of the earth-moon system?
The time scale over which the present
earth-moon system has evolved pre-
sents a further question: Is this time
scale compatible with the known age
of the solar system?

SCIENCE

Mechanics of Tidal Friction

We first suppose the earth to have
perfect elasticity in its solid parts and
perfect fluidity in its liquid parts. With
these conditions, the region of max-
imum height of the tide raised by the
moon lies directly under that body
(see Fig. 1, top). The maxima in the
tidal protuberances, both toward and
away from the moon, lie along the
line of centers of the earth and moon.
Because of symmetry, the moon does
not perturb the rotation of the earth,
nor do the tides produce a long-term
change in the orbital elements of the
moon.

If friction accompanies the deforma-
tion, then the rotation of the earth
carries the lagging tidal bulge forward.
The tide is not high when the moon
is directly overhead, but is high at
some later time (see Fig. 1, bottom).
The gravitational attraction on the
bulge is asymmetrical with respect to
the line of centers; the asymmetry
gives rise to a torque on the earth,
tending to decelerate the earth, and an
equal and opposite torque on the moon,
tending to accelerate the moon. The
action of the torque results in a trans-
fer of angular momentum from the
rotation of the earth to the orbital
motion of the moon. Because of fric-
tion, this transfer is accompanied by
a loss of the mechanical energy of the
earth-moon system.

In general, the moon does not lie in
the equatorial plane of the earth, so
the tidal bulge is asymmetric with re-
spect to the equator. As a result, there
is a component of the torque tending
to tip the orbital plane of the moon
and an equal and opposite component
tending to change the direction of the
earth’s axis of rotation. Figure 2 illus-
trates this point. The moon moves in
the plane xi, x:, with angular velocity
n represented by the vector m along
the xs axis. Line OP is drawn perpen-
dicular to the ecliptic, the common
plane of the earth and sun. In our
discussion we assume that the orienta-
tion of the ecliptic remains constant in
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Fig. 1. (Top) The tidal bulge, if there is
no friction. The bulge is symmetrical with
respect to the line of centers between the
earth and moon. If there is friction there
is a delay in the time of high tide. The
resulting distortion of the tidal bulge (dia-
gram at bottom) leads to a torque, dia-
grammatically illustrated. The torque de-
celerates the earth’s rotation and accel-
erates the moon’s orbital motion.

time, recognizing that there are short-
period wobbles due to the afore-
mentioned many-body effects. Both the
moon’s orbital plane and the earth’s
axis of rotation, , are inclined with
respect to the ecliptic. The former is
at angle I, the angle of inclination,
while the latter is at angle y, the angle
of obliquity. The tide on the earth,
raised by the moon, is carried out of
the orbital plane of the moon by the
rotation about 2. Since the tidal bulge
does not lie in the plane x:, xs, there
is, on the average, a torque tending
to change both the inclination I and
the obliquity .

K3
p
I o
L7
ﬂ
o Xz
-

Fig. 2. Diagrammatic representation of the
inclination, I, of the moon’s orbit and the
obliquity of the earth’s equator to the
ecliptic, . The line OP represents the
perpendicular to the ecliptic.

as2

The most important feature about
tidal friction is that its effectiveness as
a means of transferring angular mo-
mentum depends strongly on the dis-
tance. When the earth and moon are
a distance r apart, the tides raised by
either on the other have a height pro-
portional to °, The tidal torque which
arises from the gravitational pull on
the tides thus varies as r°. Clearly, the
changes in the orbital elements take
place rapidly when r is small and be-
come negligible when r is large.

The frictional effects discussed above
result from the relative rotation of the
earth with respect to the moon. If the
moon’s angular velocity is greater than
the component of the earth’s rotation
perpendicular to the orbital plane, the
moon moves ahead of the lagging tidal
bulge and angular momentum is trans-
ferred from the moon’s orbital motion
into the earth’s rotation. If the com-
ponent of the earth’s angular velocity
perpendicular to the orbital plane
equals the angular velocity of the
moon, then there are no frictional ef-
fects associated with the relative rota-
tion of the earth and moon. Even in
this case, there would be changes in
the orbital elements, provided the
moon moved in an eccentric orbit. The
eccentric orbit gives rise to tides be-
cause of variation in the earth-moon
distance. Because of friction, the tide
on the earth is not high when the
moon is closest to the earth, at perigee,
but is high at some later time. Since
the bulge is always along the line of
centers, there is no relative rotation,
and no angular momentum is trans-
ferred, but energy must be lost from
the mechanical motion of the com-
bined system because of friction. With
relative rotation, there is still a radial
component of the tide, and, with fric-
tion, this tidal component converts
mechanical energy into thermal energy
without transferring angular momen-
tum.

The earth raises tides on the moon.
The lunar tides supplement the fric-
tional effects of the terrestrial tides.
The moon’s average angular velocity
of rotation equals its orbital velocity,
so that it presents a constant face to
the earth. The major tides are those
due to the eccentricity of the orbit; the
tides, indicated schematically in Fig. 3
by the length of the arrows, are not
high at perigee but are high at some
later time. Since the tides are radial,
no angular momentum is transferred,
but there is a loss of mechanical energy
from the earth-moon system (3).

Tidal interaction produces changes
in both the energy and the angular
momentum of the moon’s orbit. These
changes result in modifications of the
semimajor axis of the orbit, a; of the
inclination of the orbit to the ecliptic,
I; and of the eccentricity of the orbit,
e (4). I have already noted that, at
present, the tides due to the relative
rotation increase the angular momen-
tum of the moon. Kepler’s laws con-
nect the increase in angular momentum
with an increase in the semimajor axis,
a. The long-term effect of the tangen-
tial component of the tides is to move
the moon outward in its orbit. The
radial tides associated with the eccen-
tricity of the moon’s orbit have the
opposite effect. They remove energy
from the orbit without changing the
angular momentum, and, as a result,
these effects alone tend to reduce a.
At present, the tangential tides dom-
inate the radial tides, and the moon is
moving slowly outward. I have also
noted that, because of the inclination
of the orbital plane to the equator, the
inclination of the moon’s orbit and the
obliquity of the equator change with
time. The direction of the change is
more difficult to establish, since it de-
pends on the relative magnitudes of the
torque acting about the x: and xs axes
(see Fig. 2).

The effect of the frictionally re-
tarded tides on the eccentricity can be
understood by comparison of the mag-
nitude of the forces at perigee and
apogee. When the moon is at its nearest
point, perigee, the force is greater than
when it is at its farthest point, apogee.
The effect of the force at perigee is
such that the moon’s distance at the
next apogee is greater than it was at
the preceding apogee. Similarly, the
effect of the force at apogee is such
as to increase the moon’s distance at
the next perigee, but, since the moon
is farther removed at apogee, the force
is less than the force at perigee. As a
result, the orbit as a whole expands
and becomes more eccentric at the
same time. This effect is in part coun-
teracted by the radial tides, which de-
crease the energy of the orbit and, in
so doing, decrease the eccentricity.

So far we have considered only the
earth and the moon. However, the sun
also raises tides on the earth and the
moon, and, if friction affects these
tides, mechanical energy is removed
from the combined energy of the earth-
moon-sun system and angular momen-
tum is transferred from the earth’s
rotational motion into the orbital mo-
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tion of the combined earth-moon sys-
tem about the sun. At present, these
solar effects are a fraction (about one-
fifth) of the lunar effects. The relative
effectiveness of solar tides was less in
the past, but will become dominant in
the future.

Astronomical Evidence on
Tidal Retardation

Early estimates of the effectiveness
of tidal friction in slowing down the
earth depended on reports of ancient
eclipses. An identification of an eclipse
yields past relative positions of the
earth, moon, and sun. Munk and I
have reviewed many of the ancient
eclipse observations and have discussed
the pitfalls one encounters in trying to
draw, from an uncertain description of
a heavenly event, conclusions about
the celestial longitude of the moon
(see 5).

I now turn to the question of deter-
mining the moon’s motion from astro-
nomical observations made over the
last 300 years. In principle, the prob-
lem is straightforward, since observa-
tion of the moon against a fixed back-
ground of stars determines the position
of the moon in a celestial coordinate
system. However, major difficulties
arise because the observing platform,

Fig. 3. Diagrammatic representation of the
tides raised by the earth on the moon. The
tides are due to the eccentricity of the
moon’s orbit. Because of friction, the tide
is not high at perigee but is high later, at
angle &',
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the earth, rotates at an irregular rate.
Tidal friction causes a gradual slowing
down of the earth. The earth’s rotation,
however, undergoes a wide variety of
changes. Certain of these irregularities
are attributable to motions in the atmo-
sphere. For instance, the jet stream
varies in intensity, and, because of this,
the earth’s rotation changes slightly.
The tidal-friction problem is thus one
of detecting a very low frequency sig-
nal against a background of noise,
since the fluttering in rotation which
is due to geophysical phenomena is
much greater than the slow change
resulting from the earth-moon-sun in-
teraction.

Fortunately, there is a method by
which the two kinds of changes can
be disentangled. The interaction of the
earth and moon affects both the earth’s
rotation and the motion of the moon.
The irregular fluctuations in the length
of day affect the observations of other
planets, such as Mercury and Venus,
but the tidal interaction between the
earth and these other planets is so
small as to have a negligible effect on
their motion. We can, therefore, com-
pare observations of the position of
the moon with observations of Mer-
cury, Venus, and the sun, and in this
way remove irregularities in the earth’s
rotation that are due to geophysical
phenomena from observations of the
moon (5, 6).

The fluctuations in rotation can be
described in terms of the discrepancy
in mean longitude between the ob-
served position of a body, such as the
moon, and the position calculated on
the basis of celestial mechanics; in this
theory, the deformability of the planets
and satellites is not taken into account.
If variation in the rotation of the
earth were the sole cause of the dis-
crepancy, then the discrepancy in lon-
gitude would be proportional to the
mean motion of the bodies as observed
from the earth. Under this assumption,
the discrepancies for the moon, sun,

and Mercury, as plotted, should be the

same., There is, in fact, a close resem-
blance in these discrepancies. How-
ever, the resemblance is not complete.
There is a long-term drift between the
discrepancies for the moon on the one
hand and those for the sun and Mer-
cury on the other. This long-term drift
can be described in terms of the dif-
ference in discrepancy in longitudes
weighted by the mean motions of the
body. The weighted discrepancy differ-
ence is shown in Fig. 4 as a function
of time; the weighted discrepancy de-
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Fig. 4. Weighted discrepancy difference:
©, for the sun, 4, for Mercury (unit —
second of arc). The maximum in the
curve results from setting the weighted
discrepancy difference at zero for A.D.
1900.

pends on the orbital acceleration of
the moon, since the effect of the earth’s
variable rotation has been removed. If
the orbital acceleration were constant
over time, then a parabola should fit
the weighted discrepancy difference.
Indeed, a parabola yields an excellent
description of the astronomical obser-
vations (see Fig. 4).

The weighted discrepancy difference
can be used to evaluate the torque
exerted by the moon on the tidal bulge;
the data shown in Fig. 4 yield a value
for the torque of 3.9 X 10* dyne-
centimeters. In terms of the phase lag
between the height of the tide and the
line of centers of the earth and moon,
this torque corresponds to a phase lag
of 2.16 degrees, and the tidal torque
is doing work at a rate of 2.5 X 10®
ergs per second.

In summary, modern astronomical
observations yield a good estimate of
the strength of the tidal interaction
between the earth and moon. The
strength of the interactions has re-
mained constant over at least 300
years, and perhaps, if ancient eclipse
observations are accepted, over 3000
years.

Numerical Calculations of

Past and Future Conditions

Given the phase lag in the tide,
there is a straightforward, though
complex, pattern for calculating the
past and future of the earth-moon sys-
tem. In these calculations we require
not only the present value of the phase
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Fig. 5. The past variation in the earth-moon distance. The earth-moon distance is
measured in present earth radii (1 earth radius == 6371 km). The three time
scales correspond to different assumptions regarding the phase lag of the tides
raised by the moon and sun.

lO": ;
L ol 1
3 FINITE ECCENTRICITY g
107 —19-50—
57.4 530 vy
: 455
£ \
w
= 102 ]
& F 4
g 3
3 -
153
2 -
w L
1073 e
272 1
28a2.16°
28430+ 0500 7001 1502 7002 Z502 3003 3504
25 .04 0250 6560 0750 060 256 1500 1756
L N T 5251 0376 0502 (X 6753 0878
TIME (AEONS)

Fig. 6. The past variation in the eccentricity of the moon’s orbit. Values adjoining
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lag but an estimate of its variability
during past times. On this point the
evidence is uncertain, but I will assume
that the phase lag has been constant
in the past and will remain so in the
future.

The history of the moon can be de-
scribed in terms of the orbital elements
connected with the energy and angular
momentum of the orbit; these are the
semimajor axis, a; the inclination of
the orbit to the ecliptic, I; and the
eccentricity, e. Accompanying changes
in the orbital motion of the moon are
changes in the rotational parameters of
the earth. These are the magnitude of
the angular velocity, Q; the obliquity
of the earth’s equator to the ecliptic,
v; and the moment of inertia of the
earth, C. The moment of inertia varies
only slightly, and it is presumed that
at all times the figure of the earth very
closely approximates that of a rotating
fluid having an internal density distri-
bution identical to that of the present
earth.

In calculating the variation of the or-
bital elements I have departed from
Darwin’s theory and have developed a
theory in which the time derivatives of
the orbital elements are expressed di-
rectly in terms of the forces due to
the frictionally produced tidal potential
(7). The theory requires no restrictive
assumptions regarding the internal con-
stitution of the earth and, further, takes
into account the tides raised by the
earth on the moon. The equations for
the orbital elements are coupled to
Euler’s equations describing the chang-
ing earth’s rotation. The coupled set
of equations can be solved by means
of numerical methods. In these calcu-
lations the effect of the solar tides has
been taken into account.

The present value for the phase lag
in the tides corresponds to a rate of
increase of the semimajor axis of the
moon’s orbit of 3.2 centimeters per
year. The increase in the semimajor
axis with time is accentuated by the
eccentricity. Because of the #° depend-
ence of the tidal interaction, the tidal
torque is increased more at perigee
than it is decreased at apogee. As a
result, the effect of the eccentricity on
the tangential tides is to increase the
semimajor axis. This effect is partly
counteracted by the radial tides, which
remove energy from the system but do
not transfer angular momentum. At
present, the rate of change of the semi-
major axis is 1 percent greater than
the rate of change would be for a
circular orbit.
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Fig. 8 (top). The past variation in the
period of rotation of the earth; values ad-
joining the solid circles show the corre-
sponding earth-moon distance (in earth
radii). Fig. 9 (middle). Length of the
sidereal month. The unit is the current
day. Values adjoining the solid circles
show the corresponding earth-moon dis-
tance (in earth radii). Fig. 10 (bottom).
The past variation in the angular-momen-
tum density associated with the earth’s
rotation. Values adjoining the solid circles
show the corresponding earth-moon dis-
tance (in earth radii).

The past variation of the semimajor
axis as a function of time is shown in
Fig. 5. Figure 5 gives three time scales;
the intermediate one, labeled 2§ =
4.32°, would be appropriate provided
the phase lag remained constant at its
present value. In this discussion I use
the current value of the phase lag in
fixing the time scale, though the time
scales on the figures illustrate a range
of possibilities.

The earth-moon distance reached a
minimum 1.79 aeons ago (1 aeon =
10" years). Over the past aeon the
moon has moved away from the earth
at an almost constant rate. The rate
at which the moon moved away was
greater between 1 and 1.79 aeons ago
and was at a maximum at the time of
closest approach, since the rate of
change of the semimajor axis depends
on a2 Tracing the history back in
time, we find that, after the close ap-
proach, the moon moves very rapidly
away from the earth (see Fig. 5). This
behavior can be understood only by
examining the variation of the other
orbital elements.

Figure 6 shows the variation of the
eccentricity in past times; the past vari-
ability of the obliquity and inclination
are illustrated in Fig. 7. At present,
the eccentricity is increasing at a low
rate: tidal interaction over 1 aeon in-
creases the eccentricity by 12 percent.
In past times, also, the eccentricity was
increasing. However, at the time of the
catastrophic approach, the moon’s orbit
became retrograde (that is, the moon
moved in a direction opposite to the
earth’s rotation) (see Fig. 7), and,
traced back in time, the eccentricity
increases very rapidly. As the eccen-
tricity increases, the semimajor axis of
the moon increases without limit (see
Fig. 5), while the perigee distance re-
mains almost constant.

At present the inclination is decreas-
ing at a rate of about 0.5 degree per
aeon. In past times the rate of decrease
was much greater, since the inclination
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varies with the semimajor axis as
@™, Tracing back in time, we find
that at the close approach the inclina-
tion increased rapidly, with the moon’s
orbit passing over the earth’s axis of
rotation. Accompanying the rapid
changes in the inclination, the obliquity
at first decreased and then increased,
as Fig. 7 illustrates.

Figures 5-7 describe one possible
course for the earth-moon system. Ac-
cording to this theory, the moon was
captured, at 1.79 aeons ago, from a
highly eccentric orbit of high inclina-
tion. For example, the initial earth-
moon distance could have been 100
earth radii, at which time the moon
would have had an inclination with
respect to the ecliptic of nearly 90 de-
grees, while the obliquity would have
been about 85 degrees. Because of the
strong tidal interaction, the eccentricity
would decrease at a rapid rate, as
would the earth-moon distance and the
inclination. The orbit becomes pro-
grade (the moon revolves in the same
direction as the earth rotates), the
earth’s axis becomes more nearly per-
pendicular to the ecliptic, and the
moon moves out, with the eccentricity
increasing and the inclination slowly
decreasing,.

Figures 8 and 9 illustrate proposed
variations in the length of day and of
the sidereal month; the month is mea-
sured in terms of the current length
of day. Tracing the history back in
time, we find the period decreasing
slowly and then catastrophically as the
moon plunges in toward the earth and
then moves outward. The number of
days in the month remains nearly con-
stant until the time of catastrophic en-
counter, at which time it first decreases
and then increases.

Figures 10 and 11 illustrate the pro-
posed variability of two densities of
great importance to a discussion of
possible earth-moon histories. Accom-
panying the change in angular velocity,
there is a variation, over time, of both
the angular momentum per gram and
the kinetic energy per gram., The vari-
ation in density of kinetic energy indi-
cates the amount of rotational energy
that must be dissipated within the earth
if the moon follows the history illus-
trated in Figs. 5-9. The variation in
density of kinetic energy can be com-
pared with the thermal energy required
to raise the temperature of a gram of
silicates from 0° to a melting point of
1000°C; 1.67 x 10 ergs per gram
are required. Of this amount, the spe-
cific heat contributes 1.25 ¢ 10 ergs
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per gram, while the heat of fusion
contributes the remaining 4.2 X 10°
ergs per gram.

Figures 12-15 illustrate the pro-
posed future development of the earth-
moon system, provided the phase lag
remains constant. As the moon moves
away, the effects of eccentricity, both
on the tangential and on the radial
forces, become progressively less. The
maximum distance achieved after 4.9
X 10° years is 72.7 present earth radii
(see Fig. 12). The increasing obliquity
decreases the effectiveness of the tan-
gential forces. At the same time, the
solar tides increase the period of rota-
tion of the earth more rapidly than
the lunar tides increase the period of
the moon. The length of the month
becomes shorter than the length of the
day; the moon revolves more rapidly
than the earth rotates, so the moon
moves ahead of the lagging tide. These
effects are accentuated by the radial
tides, which remove energy from the
orbit, decreasing the mean distance,
without transferring angular momen-
tum. The inclination of the orbit de-
creases monotonically, while the ob-
liquity reaches a maximum at the
maximum distance (see Fig. 13). In
the final equilibrium state the moon is
moving in the equatorial plane of the
earth and the equatorial plane coin-
cides with the ecliptic.

In the future there will be a gradual
slowing down of the earth, an initial
outward movement of the moon by a
small amount, and then a return of
the moon toward the earth, with the
moon’s inclination to the ecliptic grad-
ually decreasing. The earth’s obliquity
with respect to the ecliptic will increase
over the first 4.9 aeons, before de-
creasing at a more rapid rate to its
equilibrium value.

Initial Angular Velocity of the Earth

An understanding of the early de-
velopment of the earth-moon system
requires an estimate of the initial ro-
tational period of the earth. Such an
estimate may be derived either from
a theory of planetary rotation or from
an examination of the present rotation
of the planets for evidence of initial
conditions. Great difficulties attend the
construction of a theory of planetary
rotation. The angular momentum as-
sociated with the rotation of a planet
is a small fraction of the angular mo-
mentum of its orbital motion. On gen-
eral grounds we would expect that the

rotational momentum must equal the
difference between the initial orbital
momentum of the matter that even-
tually forms a planet and the final
orbital momentum about the sun. The
planetary rotational angular momen-
tum, therefore, is the difference be-
tween two large quantities, and the
rotational momentum acquired by a
planet must depend on the details of
the accumulation process.

The alternative method, that of ex-
amining the planets for clues as to
their initial angular momentum, is
made more attractive by the fact that
the rates of rotation of six of the
planets are remarkably similar, despite
major differences in orbital character-
istics, masses, and moments of inertia
®.

The angular momentum of a planet
can change through the action of tidal
forces. Other processes that may have
changed the rotational characteristics
of planets have been suggested, such
as interaction with the interplanetary
plasma, or an interplanetary neutral
gas, or dust. All of these processes at
present are of minor importance as
compared with tidal friction.

In examining the planets we note
that the earth is, at present, losing
angular momentum to the orbital mo-
tion of the moon. Furthermore, we
should expect that both Venus and
Mercury would have lost a substantial
proportion of their angular momentum
through tidal interaction with the sun.
Indeed, the approximate equality of
orbital and rotational angular velocities
for Venus and Mercury can be under-
stood in terms of a solar braking (7).
Planets other than Venus, Mercury,
and the earth should possess approxi-
mately their initial angular momentum.
Mars is at too great a distance from
the sun for solar tides to be effective,
while its two satellites are too small in
mass to produce any but a negligible
change in the angular momentum. The
major planets all have satellites. How-
ever, in their orbital motion these sat-
ellite bodies possess an angular mo-
mentum that is only a small fraction
of the momentum of the planet. The
large value for the ratio (mass of pri-
mary)/(mass of satellite) insures that
only a small fraction of the rotational
momentum can be transferred by tidal
processes. Furthermore, the major
planets are at such great distances from
the sun that the solar tidal effects are
completely negligible. We should,
therefore, expect that the major plan-
ets, as well as Mars, would have a
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Fig. 11 (top). The past variation in the 10'2
kinetic-energy density associated with the
earth’s rotation. Values adjoining the solid
circles show the corresponding earth-moon
distance (in earth radii). Fig. 12 (mid-
dle). The future variation of the earth-
moon distance. The phase lag, 235, is set
equal to 4.32 degrees. Fig. 13 (bottom).
The future variation in the inclination of
the moon’s orbit, and in the obliquity of
the earth’s equator, with respect to the
ecliptic (values adjoining open circles).
Corresponding earth-moon distance (in
earth radii) for the inclination curve;
(values adjoining solid circles) corre-
sponding earth-moon distance for the ob-
liquity curve.

FINITE ECCENTRICITY

S

o
=)

x\n\xxxr T T T T T TTT T T T T T T—T T

27273

[ R

\

density of rotational angular momen-
tum nearly equal to the initial density
of angular momentum.

Figure 16 illustrates the dependence
of the density of angular momentum 25-2.16°
on the mass of the planets. Venus and 28432° 9500 1,001 1502 2.002 2.502 3.003 3504
Mercury show a large deficiency of 25-g64° 0250 0500 0750 !-000 1.250 1.500 1750

0.126 0.251 0376 0.502 0.628 0.753 0.878
angular momentum as compared to the
major planets and Mars. The earth TIME (AEONS)
also shows a deficiency, but less than
that of either Venus or Mercury. The
rotational momenta of the major plan-
ets and Mars are consistent with the
hypothesis that there is a simple rela-
tionship between the rotational mo-
mentum and the mass of a planet.
Indeed, I have argued that a relation
between angular momentum and mass
follows from dimensional considera-
tions and is also consistent with an
elementary picture of the mechanism
of planetary formation (7, 9).

Pluto and the asteroids do not follow
the relationship shown in Fig. 16. The
data on the rotation of Pluto are un-
certain, but the rotational period may

be about 6.4 days (I0). Pluto thus /
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ever was a primary body. Furthermore,
the asteroids may have exchanged
angular momentum through close tidal
interaction or through collision.

The empirical relation illustrated in
Fig. 16 implies that the earth had an
initial density of angular momentum
of about 1.8 X 10% cm® sec™ If the
line had been drawn through Mars and
Saturn, the two planets having the
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highest density of angular momentum
for their mass, then the initial density
of angular momentum of the earth
should have been 2.4 X 10%
sec™,

The low and high values for density
of angular momentum correspond to
rotational periods of 13.1 and 9.9
hours, respectively. I conclude that
any theory for the history of the earth-
moon system that requires an initial
rotational period for the earth of much
less than 10 hours must, at the same
time, provide an explanation for the
anomalously high initial density of ro-
tational angular momentum of the
earth. In terms of the history outlined
in Figs. 5-11, the limiting values given
above for initial density of angular
momentum imply that the moon could
never have been closer to the earth
than about 40 earth radii, and thus
they contradict the theory of close
approach of a single satellite.

4

cm

Origin of the Moon

Dynamical arguments limit theories
of lunar origin in several respects. The
present orbital elements of the moon
and rotational parameters of the earth
limit the possible initial conditions as
well as their evolution, and, as we
have seen, considerations of distribu-
tion of density of rotational angular
momentum within the present solar
system also limit possible initial condi-
tions, Theories of the dynamical evo-
lution of the earth-moon system which
postulate a close passage of the two
bodies imply dissipation of substantial
amounts of energy within the earth.
If this had occurred deep within the
earth, then the long-term thermal his-
tory of the earth would have been
disturbed, with consequences so far not
observed.

Three general mechanisms have been
proposed to explain the origin of the

t04r S —

FINITE

§=2.16°
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|

moon; origin as a binary system, fission
of the earth to form a binary system,
and capture. George Darwin’s massive
computations led him to suppose that
the moon broke from the earth at an
early stage and that tidal friction de-
termined the present elements of the
moon’s orbit. Gerstenkorn has recently
investigated the capture hypothesis,
using the dynamical theory developed
by Darwin (/7). Aside from these two
investigations, ideas regarding the ori-
gin of the moon have not been thor-
oughly probed from the dynamical
point of view.

The fission theory of the origin of
the moon is perhaps the best known
of lunar theories. Darwin’s initial sug-
gestions have recently been extended
by Wise and, independently, by Cam-
eron, both of whom suppose that the
earth became rotationally unstable as
a result of a catastrophic change in
the moment of inertia which accom-

7!1.4

JUPITER/

SATURN- A

)
o

PERIOD {(HOURS)

S
n

pax

URANUS
EARTH=MOON

NEPTUNE

R

—

SYSTEM

el

MARS,

/ "EARTH

L.O 20 3.0
TIME (AEONS)

40 50 60

/

/|

102

66.0

ANGULAR MOMENTUM DENSITY (RADIANS CM2/SEC)

I
R MOON 1

1026

=

10°

=TT T T T T 717 d/llls\h

LENGTH OF MONTH (CURRENT DAYS)

28=4.32°
- FINITE ECCENTRICITY

725

720

o [ 2 3
TIME (AEONS)
988

| “MERCGURY

JVENUS

1027 1028

MASS (G)

1022 100

1 Fig. 14 (top left). Future variation in the earth’s period of
rotation. Values adjoining the solid circles show the correspond-
ing earth-moon distance (in earth radii).
left). Future variation in the length of the month, with the
current day as the unit. Values adjoining the solid circles show
the corresponding earth-moon distance (in earth radii).
16 (above). The angular-momentum density associated with the
rotation of the planets. The short vertical bars reflect the un-
certainties in the angular velocities and moments of inertia of
the moon, Venus, and Mercury. In determining the value for
the present earth-moon system, the rotational momentum of
the earth and moon and the orbital momentum of the moon
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Fig.

about the earth were taken into account.
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panied the formation of the earth’s
core (12). In these theories, the in-
creased angular velocity results in the
throwing off of either the moon as a
whole or of small bits of matter which
later accumulate to form the moon.

All versions of the fission theory re-
quire an initial density of rotational
angular momentum in excess of that
supposed to be representative of the
initial solar system (see Fig. 16). In
both the Wise and the Cameron the-
ories, the initial density of angular
momentum of the earth is greater than
2 X 10" cm® sec™. The initial earth
is thus required to possess a density
of angular momentum about equal to
that of Uranus, a planet which is more
than ten times as massive as the earth.

The fission theories are also vulner-
able on the basis of dynamical consider-
ations. The rotational instability results
in the throwing off of material from
the earth in the equatorial plane. Once
the material is in this plane, tidal in-
teraction leads to no further changes
in the inclination, and the obliquity
remains constant. The present orbital
elements of the moon cannot be ac-
counted for. A further difficulty arises
from the fact that the material ejected
would, in general, have a higher angular
velocity than the rotating body. Fric-
tional forces would then be applied
in such a direction that the material
would be brought back toward the
earth, and there would be no escape.

The binary-system theory proposes
that the earth and moon accumulated
from the same region of the initial
solar cloud, the implication being that
the bulk compositions of the two
bodies are quite similar (13). The dy-
namical considerations reviewed above
present difficulties for a binary-system
theory only in the matter of time scale.
In order to account for the evolution
of an earth-moon system starting in a
binary configuration, we must assume
that the present rate of dissipation and
the strength of tidal interaction are
abnormally high. If the earth had an
initial density of angular momentum of
about 2 X 10*® cm® sec™, the inclina-
tion of the moon would have been 6
degrees, and the earth’s obliquity, 18
degrees, with the earth rotating once
every 11 hours. The initial eccentricity
would have been about 3 X 10 or
slightly more than half the present ec-
centricity. With these initial conditions,
the earth-moon system would have
evolved under the action of lunar and
solar tidal friction to its present con-
figuration.
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Urey has argued that the difference
in density between the earth and moon
implies that the moon accumulated
elsewhere in the solar system and was
then captured by the earth (/4). The
capture is presumed to have taken
place during the early history of the
solar system. The calculations dis-
cussed above clearly illustrate the dif-
ficulties one encounters in supposing
that the moon was captured through
tidal processes. Tidal capture would
require an initial high density of an-
gular momentum for the earth and the
deposition of great amounts of energy
within the earth (see Fig. 11). A
multi-body interaction provides an al-
ternative to the tidal-capture theory,
but the details of such a process have
not been explored. Urey’s capture the-
ory, like the binary-system theory, re-
quires a time scale three times as long
as that consistent with the present rate
of acceleration of the moon.

Following a suggestion by Gold, I
considered an alternative theory which
circumvents the time-scale difficulty
(9). The critical assumption is that
initially the earth, like the major plan-
ets, possessed several moons. The rate
of change of the orbital elements of a
satellite depends on the force per unit
mass of the satellite. The time scale
for a given change in an orbital ele-
ment varies inversely with the mass
of the satellite. The rate of change of
the torque acting on the earth varies
as the square of the mass of the dis-
turbing body: the height of the tide
and the disturbing force that acts on
the tide both depend linearly on the
mass.

The time scale in the many-moon
case is thus determined entirely by the
mass of the most massive moon. It
should be noted that the secular effects
of the tidal bulge raised by one satellite
on another are, on the average, Zero.
Thus, the total deceleration of the
earth can be taken as the sum of the
separate decelerations due to the vari-
ous satellites. The time scale can thus
be lengthened if the earth is supposed
to have once possessed several moons
—at least three or four. If the most
massive moon were nearest to the
earth it would move out the most rap-
idly and, in moving out, collide with
the smaller outer moons and, in this
way, form the present moon. The
many-moon hypothesis permits a the-
oretical dynamical history consistent
with the orbital-element, energy, and
time-scale requirements.

The principal problem presented by

the many-moon theory is that of de-
scribing a process by which the initial
moons were captured, since, as Urey
has pointed out, the density of the
moon is evidence against a local ac-
cumulation of the primitive moons.
While multi-body capture processes can
be imagined for the major planets, no
detailed calculations have been made
concerning the capture of small moons
by the earth.

The many-moon hypothesis, unlike
other hypotheses of lunar origin, sup-
poses that the surface of the moon is
relatively young, having formed no
more than about 1.5 X 10° years ago.
The surface features would be the
result of the final collapse of the col-
lisional fragments into the moon.

Major Problems

There can be no question that, be-
cause of tidal friction, the length of
the day was shorter in the past and
will be longer in the future. Corre-
spondingly, the obliquity of the earth’s
equator with respect to the ecliptic
was less in the past than it is today,
and it will increase in the future. The
great problem is the time scale over
which these changes take place. At
present, astronomical evidence yields a
time scale which is short as compared
with the age of the earth. This short
time scale, in turn, raises numerous
problems, some of which I have dis-
cussed in considering the origin of the
moon. Greater understanding of the
subject will result from detailed identi-
fication of the mechanism by which
the earth dissipated its rotational energy
and from new methods for determining
the length of the solar and lunar day
in the past.

Wells has recently suggested that
certain ridges in the skeletal structure
of corals indicate the diurnal growth
cycle (15). Seasonal fluctuations result
in modulation of the diurnal cycle.
Wells asserts that counts of the number
of diurnal cycles per season give an
estimate of the number of days per
year. The number of days per year
determines the length of the day, since
the length of year remains constant.
Fossil corals from the Middle Devon-
ian show structure that can be inter-
preted as indicating that there were
about 400 days per year. If this evi-
dence is accepted, 350 million years
ago the day would have been 21.9
hours long. An extrapolation based on
the current value for. the phase lag
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yields 21.7 hours for the length of day
at that time. Wells’s evidence provides
a remarkable demonstration of the av-
erage constancy of the phase lag, if,
indeed, the coral structures are indi-
cators of the diurnal cycle.
Alterations of both the length of day
and the obliquity of the earth are cer-
tain to have had major geologic con-
sequences. Accompanying the change
in the rate of rotation is a change in
the figure of the earth; this alteration
produces stresses within the earth and
provides one source of energy for tec-
tonic processes. Changes in obliquity
and rate of rotation undoubtedly pro-
duce changes in the climate of the
earth, the nature of which are still un-
certain. The length of day determines,
in part, the range of day-night tempera-
tures. In the past, this range must have
been smaller, and in the future it will
be greater. The obliquity of the equa-
tor to the ecliptic is responsible for the
different seasons, and it determines, in
part, the temperature differences be-

tween the equator and the poles. If
all other factors remain constant, a de-
crease in the obliquity results in a
decrease in the seasonal variation and
an increase in the temperature differ-
ence between pole and equator; these
conditions held in the past. In the
future, the increasing obliquity will
increase the maximum difference be-
tween summer and winter and decrease
the temperature difference between
equator and poles. Increasing obliquity
results in a more uniform distribution
of insolation over the globe. Indeed,
if the obliquity were about 35 degrees,
then all latitudes would, on the aver-
age, receive approximately the same
amount of solar energy. Provided in-
solation is the controlling factor, this
obliquity would result in a subtropical
climate over much of the world. The
changes in the rotational parameter of
the earth raise important questions re-
garding the climates of the past and
the relation of these climates to the
evolution of life on the earth.

Plastids and Mitochondria:
Inheritable Systems

Do plastids and mitochondria contain a chromosome
which controls their multiplication and development?

Two important types of cytoplasmic
organelles are the plastids of plant
cells, which function in photosynthesis,
and the mitochondria of both plant
and animal cells, which function in
oxidative respiration. Within the last
few years new information has become
available which supports the hypothe-
sis that these organelles do not arise
de novo but that plastids arise from
preexisting plastids and mitochondria
arise from preexisting mitochondria.
The original evidence reviewed by
Granick (I) included observations on
the division of plastids in algae and
genetic studies of chloroplast inherit-
ance in variegated plants and Oe-
nothera. Recent studies indicate that
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(i) the plastids and mitochondria
contain DNA and RNA; (ii) the or-
ganelles are self-duplicating bodies that
do not arise de novo; (iii) the DNA
represents a multigenic hereditary sys-
tem which is not derived from the
nucleus; (iv) the multigenic system
of an organelle is responsible, in part,
for the specific biochemical properties
of the organelle; and (v) the organ-
elles are controlled by an adaptive
mechanism which in the case of plas-
tids is responsive to light and in the
case of mitochondria is responsive to
O-..

In this article we review the evi-
dence for the foregoing statements. We
consider especially the data provided
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by the genetic systems of the plastids
of FEuglena and the mitochondria of
yeast. A comparison of the properties
of these two genetic systems illustrates
their fundamental similarities (Table
1). For reasons not known, these sys-
tems are exceptionally mutable, a
property, however, which has made
possible the recognition of their multi-
genic components.

Evidence for Nucleic Acids in Plastids

In order to establish that plastids
are semiautonomous units with their
own hereditary apparatus, it is neces-
sary to show that (i) they contain
DNA and RNA; (ii) the DNA repli-
cates in the organelle; (iii) the DNA
functions to make messenger RNA;
and (iv) the messenger RNA codes spe-
cifically for certain proteins or en-
zymes of the organelle.

Experiments to test for these prop-
erties are of various kinds, and some
of the tests are more conclusive than
others. However, taken together, the
data strongly support the view that
these organelles contain an autono-
mous DNA genetic apparatus.

DNA content. Reported findings of
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