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T he dynamics of t he Sun-Ear t h-M oon syst em is
discussed wit h special at t ent ion t o t he e®ect s of
Sun's per t urbat ions on t he M oon's orbi t around
t he Ear t h. I mpor t ant secular e®ect s are t he re-
gression of t he nodes, t he advance of t he per igee
and t he increase in t he M oon's mean longit ude.
We discuss t he relat ionship of t he ¯ rst wit h t he
occur rence of eclipses, t he second wit h t he ° uc-
t uat ions in t he moon's synodic per iod, and t he
t hird wit h t he slowing down of t he Ear t h's rot a-
t ion due t o t idal fr ict ion. T he Sun-Ear t h-M oon
syst em is compared with ot her t r iple celest ial
syst ems wit h regard t o t he int ensi ty of t idal ef-
fect s.

1. I nt roduct ion

The Sun-Earth-Moon system (Figure 1) is of vital im-
portance for several reasons. It is our nat ive system
and is the system with which we are most intimately
associated. It has st imulated the intellect of man from
time immemorial and cont inues to do so. It was the
¯ rst three-body problem to be studied with Newtonian
mechanics. It is now a very well studied system and
hence it can be used as a standard system with which
other triple systems may be compared. Abhyankar [1]
has given a good account of the Indian contribut ions to
this problem.

The Holy Quran has drawn attent ion to the Sun-Earth-
Moon system. In one place (Chapter 11, verse 6) it says:

\ He (Allah) it is Who made the Sun radiate a brilliant
light and the Moon re° ect a lustre and ordained for it
stages that you might know the number of years and
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Figure 1. The Sun-Earth-
Moon system.

mathemat ics. Allah has not created this but with truth.
He details the signs for a people who have knowledge."

As indicated in the above verse, the study of the Moon
has been part icularly useful in thedevelopment of math-
emat ics. The mot ion of the Moon is very complicated.
Sir Isaac Newton is supposed to have told his friend Hal-
ley that lunar theory \ made his head ache and kept him
awake so often that he would think of it no more" [2].

TheEarth and theMoon aresu± cient ly close to theSun
and hence the Moon's orbit around the Earth is appre-
ciably perturbed by the gravitat ional at t ract ion of the
Sun. Smaller perturbat ions arise due to the att ract ion
of other planets and also due to the deviat ions of the
shape of the Earth and the Moon from perfect spheri-
cal symmetry. Non-gravitat ional e®ects also a®ect the
mot ion.

The Moon moves around the Earth in an approximately
ellipt ic orbit which can be described by the six orbital
elements shown in Figure 2, namely: semi-major axis `a'
which gives the size of the orbit , eccentricity `e' which
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Figure 2. Orbital elements.

describes the shape of the orbit , inclinat ion ì ' which
gives the orientat ion of the orbit with respect to the
eclipt ic, longitude of the node ­̀ ' which gives the posi-
t ion of the intersect ion point of the ascending node of
the lunar orbit and the eclipt ic, longitude of perigee !̀ '
which dē nes the point in the orbit at which the Moon
is closest to the Earth and the t ime of perigee passage
`T ' which is the t ime at which the Moon is at perigee.
On account of the perturbat ions ment ioned earlier all
these elements change with t ime.

Lunar theory has been developed analyt ically by very
eminent mathemat icianssuch asNewton, Euler, Laplace,
Poisson, Hansen, Delauny, Hill and Brown. At present
when powerful computers are available the mot ion of
the Moon is determined accurately by numerical inte-
grat ion of its equat ions of mot ion. A good textbook on
the mot ion of the Moon has been writ ten by Cook [3].

In this art icle we shall brie° y review the salient features
of the lunar theory arising out of the Sun's perturba-
t ion on the lunar orbit . We shall also ment ion non-
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gravitat ional a®ects arising from the slowing down of
the Earth's rotat ion due to t idal e®ects.

2. Sun's Per t urbat ions on t he M oon's Orbi t

If we consider the Earth, the Moon and the Sun as a
system of threemasspoints, then theequat ion of mot ion
of the Moon with respect to the Earth as origin is given
by (see [2]):

Ä~r +
G(E + m)~r

r 3
= GM ¯

Ã
~¢

¢ 3
¡

~r 0

r 03

!

; (1)

where~r is the radiusvector of theMoon, ~r 0 is the radius
vector of the Sun and ~¢ = ~r 0 ¡ ~r is the radius vector
of the Sun from the Moon (Figure 3); E; m and M ¯

are the masses of the Earth, Moon and Sun respect ively
and G is the gravitat ional constant . The second term
represents the principal force on the Moon due to the
att ract ion of the Earth while the term on the right hand
side represents the t idal force on the Moon due to the
Sun. It is the di®erence between the force with which
the Sun attracts the Moon and the force with which the
Sun attracts theEarth. TheSun is about 3,30,000 t imes
more massive than the Earth while its distance is about
400 t imes the distance of the Moon. If we put these
numeral values we ¯ nd that the principal force is about
70 t imes the maximum tidal force.

Figure 3.
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2 The mean Sun is a fictitious
body which is supposed to
move along the celest ial
equator with the Sun’s mean
angular velocity n. Then the
mean longitude,y ¢, of the Sun
at any time equals the right
ascension of the mean Sun
and is given by:
y ¢=n(t-the time when the Sun
was at the vernal equinox).

1 The mean anomaly M is the
angle described by a radius
vector with constant veloc-
ity. At any time t it is given
by:

M=n(t–T),

where n(=2p/period of revo-
lution of the body) is the con-
stant angular velocity and T
is the time of perihelion pas-
sage.

The right hand side of (1) can be expressed as the gra-
dient of the disturbing funct ion, R, given by:

R = GM ¯

µ
1
¢

¡
¹r ² ¹r 0

r 03

¶
(2)

Since (r=r 0) »= 1=400 we obtain an expansion for R in
terms of r =r 0. We then express R in terms of the orbital
elements. Some of the important terms are as follows:

R =
µ

k2M a2
moon

a3
sun

¶
[
1
4

+
3
8

e2 ¡
1
2

ecosM ¡
1
8

e2cos2M +

15
8

e2cosf 2(­ + ! ¡ Ã0)g ¡
9
4

e2cosf 2(­ + ! ¡ Ã0) + M g+

3
4

cosf 2(­ + ! ¡ Ã0)+ 2M g¡
15
8

e2cosf 2(­ + ! ¡ Ã0)+ 2M g+

3
4

ecosf 2(­ + ! ¡ Ã0)+ 3M g+
3
4

e2cosf 2(­ + ! ¡ Ã0) + 4M g]:

(3)

In the above expansion terms of higher order than two
in e have been ignored.

Here a; e; ­ ; ! are the elements of the Moon's orbit and
M is its mean anomaly1. The angle Ã0 is the mean
longitude2 of the Sun.

We can make est imates for the changes in the orbital
elements with t ime by using Lagrange's planetary equa-
t ions which relate the t ime derivat ives of the elements
with the derivat ives of the disturbing funct ion with re-
spect to the elements. We get:

_a =
2

na
@R
@¾

;

_e =
µ

1 ¡ e2

na2e

¶
@R
@¾

¡
µ p

1 ¡ e2
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¶
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@!

;
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3 In equation (4), h is a con-
stant which is equal to twice
the rate of the description of
area by the radius vector, m
is defined as the product of
the gravitational constant G
and sum of the masses of the
Earth and the Moon (E+m)
while p is equal to a (1–e2), a
being the semi-major axis
and e the eccentricity of the
orbit.

_¾=
µ

¡
1 ¡ e2

na2e

¶
@R
@e

¡
2

na
@R
@a

;

_­ =
µ

1

na2 sin i
p
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¶
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µ
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di
dt

=
µ

cosi

na2 sin i
p

1 ¡ e2

¶
@R
@!

¡
µ

1
na2 sin i

p
1 ¡ e2

¶
@R
@­

:

It may be convenient to use the mean anomaly M =
n(t ¡ T) = nt + ¾ instead of ¾ itself, which is the co-
e± cient of the secular accelerat ion. This implies that
the perturbat ion funct ion can be writ ten in the form
R(a; e; i ; ­ ; ! ; M ).

The solut ion of these equat ions shows that the elements
a; e; i ; and T undergo only periodic changes, whiletheel-
ements ­ ; ! undergo both periodic and secular changes.
The mean values of a; e; and i are:

a = 384400km; e = 0:05490; i = 5o090:

Thefollowing important resultsof analyt ical studiesmay
be noted [1,2]

(a) `a' varies periodically by § 0:9%, being maximum at
the new moon and full moon and minimum at quadra-
tures. Thus the period of the perturbat ion is half a
synodic month. There is also an overall increase in `a'
causing an increase in the period of the Moon by about
one hour, i.e. if the Sun was not there, the month would
have been shorter by about one hour. Changes in `a'
over longer t ime will be discussed later.

(b) From celest ial mechanics, the integral of area h is
given by:3

h2 = ¹ p = G(E + m)a(1 ¡ e2): (4)
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Due to solar perturbat ion `h' varies periodically by 0.5%
in phase with `a'. Equat ion (4) may be writ ten as:

log(1 ¡ e2) = 2logh ¡ loga ¡ log¹ :

Di®erent iat ing we get:

¡ 2e¢ e
(1 ¡ e2)

=
2¢ h

h
¡

¢ a
a

= 0:001:

As e = 0.054, we get ¢ e = ¡ 0:009. The negat ive sign
indicates that the variation of `e' is opposite in phase
with that of `a' and `h'. Thus the orbit becomes more
ellipt ical at quadratures. This e®ect is known as the
`variat ion' and was discovered by Tycho Brahe in the
15th century AD. The period of this variat ion is also
half a synodic month.

In general, the eccentricity varies by § 0:0117 i.e., by
§ 20%. Eccentricity is the most seriously perturbed ele-
ment in the periodic perturbat ions.

(c) Theinclinat ion i variesperiodically by small amounts
with three di®erent periods of half year, half sidereal
month and half synodic month. The variat ion in incli-
nat ion is § 90. Therefore ¢ i=i = 90=5o90 = 0:03 i.e., the
inclinat ion varies by 3%.

(d) Thenode­ regressescont inuously making oneround
of 3600 in 18.6 years. The variat ion from the average
value is § 10400. This regression of the node is related
with the recurrence of the eclipses.

(e) The perigee advances cont inuously and takes 8.85
years for a complete revolut ion of 360o. The variat ion
from the average value in this case is § 12o200. The ad-
vance of perigee is related with the periodicity in the
° uctuat ions of the Moon's synodic period [4].

(f) Themean longitudeof theMoon, l = ­ + ! + n(t¡ T),
also varies periodically. The `evect ion' is the largest pe-
riodic perturbat ion in Moon's longitude. This e®ect was
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4 The term draconic is due to

the theory held at one time that

the Sun is swallowed  by a

dragon at the time of a solar

eclipse.

An eclipse of the Sun

and the Moon can

occur only at new and

full moon respectively

when the Sun, Earth

and  Moon are nearly

in a straight line. This

alignment can

happen when the

Moon is near one of

its nodes and the Sun

is near the lines of

nodes.

known to Hipparchus in the second century BC. The
complete coe± cient of the term according to Brown's
theory is 1o1602600:4. It has a period of 31.8 days. This
period corresponds to the t ime interval between two suc-
cessive passages of the Moon's perigee with respect to
the Sun.

According to Brown'scalculat ions thereare155 periodic
terms in the expression for the Moon's longitude with
coe± cients exceeding 0:001, and more than 500 smaller
ones which though insigni¯ cant , may at t imes add up to
a sum which is not negligible, so that they must all be
considered if we wish to compute the longitude to 0:001.
Each of these terms has its own period [5].

3. Secular E®ect s

3.1 Regressi on of the N odes and i ts Relat ionship
wi th the Per iodi ci ty of Ecli pses

An eclipse of the Sun and the Moon can occur only at
new and full moon respect ively when theSun, Earth and
Moon are nearly in a straight line. This alignment can
happen when the Moon is near one of its nodes and the
Sun is near the lines of nodes. Hence together with the
interval between two new moons (synodic month), the
interval between two successive passages of the Sun and
the Moon through the same lunar node are important .
Due to the regression of the nodes these periods are
shorter than the complete 360 degrees mot ion of these
bodies in the sky. The interval between two successive
passages through the same node by the Moon is called
a nodical or a draconic4 month and is equal to 27.212
days and that by the Sun is called an eclipse year and
is equal to 346.620 days.

Various mult iples of the above three periods give:
223 Synodic months = 6585.32 days
242 Nodical months = 6585.35 days
19 Eclipse years = 6585.78 days.



14 RESONANCEç August   2005

GENERAL  ç ARTICLE

Just as the

regression of the

nodes is related with

the periodicity of the

eclipses, the advance

of perigee is related

with the periodicity of

fluctuations in Moon’s

orbital period.

Thereforethesequenceof eclipseswill repeat after about
6585 1/ 3 days or 18 years and 10 1/ 3 or 11 1/ 3 days
(depending upon leap years). This interval is called a
Sarosand wasknown to ancient astronomerswho used it
in predict ing theeclipses. It may benoted that theSaros
can be more elegant ly expressed in the Lunar Calendar
as it has only integral number of months (18 years and 7
months) in contrast to the Julian Calendar where even
fract ion of a day comes.

A calendar year of 365.242 days exceeds the eclipse year
by 18.6 days and 12 synodic months by 10.8 days. This
results in the minimum number of eclipses in a calendar
year to be two which will be both solar and maximum
number as seven in which case 4 solar and 3 lunar or 5
solar and 3 lunar eclipses can take place.

3.2 Advance of Per igee and i ts relat ionship wi th
Per iodi ci ty of F luctuat i ons in M oon' s Per iod:

As the semi-major axis `a' and the orbital period `P'
are related by Kepler's third law P2=a3 = constant , the
period P of the Moon's orbit also undergoes periodic
changes on account of solar perturbat ions. The synodic
period (i.e. t ime taken by the Moon to return to the
same phase as seen from Earth, i.e. from new moon
to new moon) ° uctuates between 29 and 30 days, the
average being 29.530588 days. Just as the regression of
the nodes is related with the periodicity of the eclipses,
the advance of perigee is related with the periodicity of
° uctuat ions in Moon's orbital period.

To illustrate the ° uctuat ions in period of the Moon's
synodic months, we have taken the t imes of 475 new
moons from 1975 to 2015. The di®erence between the
actual synodic period and the mean synodic period i.e.
amplitude of ° uctuat ion is shown as a funct ion of syn-
odic month in Figure 4.
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Figure 4.
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The following characterist ics may be noted. The gross
° uctuat ion pattern repeats itself after about 112 syn-
odic months. This is close to 109.5 synodic months,
the period of onecomplete revolut ion of Moon's perigee.
Within each gross° uctuat ion pattern thereare8 smaller
cycles of about 14 synodic months. We shall discuss
these features qualitat ively. The ¯ rst of such patterns is
shown in detail in Figure 5.
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The gross ° uctuat ion cycle depends upon the phase dif-
ference between the perigee of the Moon and the perigee
of the Sun. The smaller cycle depends on the phase dif-
ference between the perigee of the Moon and the Sun.
In one synodic period the perigee moves ahead of the
new moon by about 26o. Hence it requires about 14
synodic months for the new moon to come to the same
position with respect to its perigee. This corresponds
to 13 months of 31.81 days, which is the period of the
evect ion term. That is we have 13£ 31:81 ¼ 14£ 29:53.
Therefore one complete cycle of ° uctuat ion is about 14
synodic months.

It is noted that the angular separat ion between the new
moon and the perigee of the Sun is less important than
the angular separat ion between the new moon and the
perigee of the Moon. Nevertheless it has some e®ect
as can be seen from the 4th and 5th peaks. It may be
noted that 13 £ 31:81 days (period of evect ion term) ¼
14 synodic months. Therefore this is the t ime interval
for the recurrence of lunar perigee (or apogee) at new
moon. Further it may be noted that 8 £ 14 synodic
months ¼ 9 solar years. Therefore this is the t ime inter-
val for the recurrence of both lunar and solar perigees
(or lunar apogee and solar perigee) at new moon. These
recurrences explain Figure 4.

Increase in the period means increase in the semi-major
axis and hence increase in energy. Maximum increase
in energy occurs when the Sun is at perigee (since the
t idal force is then maximum) and the Moon is at apogee
(since then the Moon moves slowly and has appreciable
t ime for interaction with the Sun). Conversely the max-
imum decrease in energy with respect to the average
occurs when the Sun is at apogee and the Moon is at
perigee. The amplitude of various peaks on the posit ive
and the negat ive side of the mean can be understood by
this underlying physics. Four consecut ive 112 synodic
month cycles were superimposed and it was noted that
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the repet it ion is close but not exact over the t ime scale
of 112 synodic months.

From thedata studied, ¢ P=P over a period of 112 luna-
t ion is 0.3/ 27.3 = 0.011. Therefore ¢ a=a = 2=3(¢ P=P)
= 0:007. Thus on the larger t ime scale of about 9 years
¢ E=E varies by about 0.7 percent. This may be com-
pared with the value of 0.9 percent ment ioned earlier in
connection with variat ion over one synodic month [4].

4. Secular A ccelerat ion of t he M oon

A secular e®ect of considerable research interest is re-
lated with the mot ion of the mean longitude, l , of the
moon. Using the records of ancient eclipses, Halley
found that l̀' can be represented empirically by:

l = lo + nt + ¾t2 + periodic terms:

Here n is the mean mot ion of the Moon, t is t ime mea-
sured in Julian centuries and ¾is the coe± cient of secu-
lar accelerat ion; its observed value is approximately 1100.
Since ¾= _n=2 hence the mean mot ion is increasing at
the rate of 2 £ 1100 = 2200 per century.

An outstanding problem in the 18th century was to give
a theoret ical explanat ion for this secular accelerat ion of
theMoon. In 1787, Laplaceannounced that thiswasdue
to a slow variat ion in the eccentricity of the Earth's or-
bit around the Sun arising on account of planetary per-
turbat ions. His theoret ical determinat ion of ¾(= 10:400)
agreed almost exact ly with the value deduced from ob-
servat ions. Laplace's value remained unquest ioned for
over 60 years.

But in 1853 J C Adams studied the problem in greater
detail and modi¯ ed Laplace's value. Laplace and his
followers had invest igated the equat ion of mot ion as if
the Earth's eccentricity was constant , subst itut ing the
variable value in the results and determined the acceler-
at ion. Adams showed that in a more exact t reatment it
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is necessary to introduce the variability of eccentricity
in the di®erent ial equat ions themselves when proceed-
ing to higher orders. Adams' method was con¯ rmed by
several invest igators. Adams obtained ¾ = 5:700 which
is lower than the observed value. Hence the problem of
the secular accelerat ion of the Moon was resurrected.

Actually Earth's eccentricity ° uctuates periodically, the
principal period being 24000 years. Hence the value ob-
tained by Adams arises from a periodic perturbat ion
and not from a secular perturbat ion. Lyt t leton [6] com-
ments as follows: \ The periodic term, although highly
important in the lunar theory, averages out over long
periods of t ime and so have no secular e®ect. Now the
phenomenon that ancient eclipse records reveal is the
small accelerat ive term ... depending on t2 and this is
quite inexplicable on Newtonian dynamics."

It is now generally believed that the secular accelerat ion
of the Moon chie° y arises from the secular slowing down
of the Earth's rotat ion on account of t idal frict ion in the
seas. But the discussion on the subject is open.

Cook [3] statesasfollows:\ Recent resultsfrom laser rang-
ing and occultat ion observat ionsindicatethat thepresent
anomalous accelerat ion of the Moon is about ¡ 22:800§
1:500 arc/ century2 while the tidal part est imated in vari-
ous waysseemsto be about ¡ 28:800§ 1:500arc/ century2."
Huaguan et al [7] report a value of _n = ¡ 25:400 § 0:100

arc/ century2 obtained by a weighted least square ¯ t
from lunar ranging data (August 1969 to December 1987).

Let us get an idea of the e®ect of _n on eclipse observa-
t ions. If wetake _n = ¡ 2500per century2, then in oneyear
the longitude will be displaced by f (1=2) _n(1=100)2g =
(1=2) £ 25 £ (1=100)2 = 0:0012500. In 1000 years, ¢ l
would be (1=2) £ 25 £ (1000=100)2 = 125000 ¼ 1=3 of a
degree, a lit t le less than thediameter of the full Moon or
the Sun as seen from the Earth, which is half a degree.

Actually Earth’s

eccentricity

fluctuates

periodically, the

principal period

being 24000 years.
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In 3000 years , ¢ l would be (1=2) £ 25£ (3000=100)2 =
1125000 ¼ 3 degrees. This is about 6 t imes the diameter
of the Moon. The diameter of the Moon is about 3500
km, so the e®ect would be that the shadow of the Moon
on the Earth would be shifted by a huge distance. An
eclipse expected at one place would be seen at another
place.

Taking the total angular momentum of the Earth-Moon
system as constant , we can deduce the decelerat ion of
the Earth's rotat ion from the accelerat ion of the Moon's
mean mot ion n by equat ing the loss of rotat ional angu-
lar momentum of the Moon to the gain in the orbital
angular momentum of the Earth-Moon system.

Stephenson and Morrison [8] havemadea detailed study
of the long-term changes in the rotat ion of the Earth
from 700 BC to 1980 AD. They state as follows:

\ Recording of thet imeof eclipseshasbeen very useful to
astrophysicists and geophysicists as from this informa-
t ion we have derived the change in the Earth's rotat ion
and the secular accelerat ion of the Moon. The ancient
t imings of lunar eclipses by Babylonian astronomersand
the medieval t imings of lunar and solar eclipses by Arab
astronomers, have been very valuable to us. It is be-
lieved that on account of the t idal frict ion, the Earth's
rotat ion is slowing down at the rate of about 2 millisec-
onds per century and the Moon is receding from the
Earth at the rate of about 4 cms a year."

Laser ranging can measure distances up to an accuracy
of 1 cm. Hence a close comparison between theory and
observat ions can be made in our age. Note that :
4 cm/ year= 4 km / 105 years = 4£ 104 km / 109 years ¼
(1/ 10) Moon's distance/ 109 years, i.e. the Moon would
recede from the Earth by a distance equal to (1/ 10) of
its present distance from the Earth in about 109 years
if we assume constant rate of recession.
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Change in constant of gravitat ion G can also a®ect n
but pulsar observat ions seem to rule out change in G.

5. Compar ison of Sun-Ear t h-M oon Syst em wit h
Ot her Celest ial Syst ems

Let us compare the intensity of t idal e®ects of the Sun
on the Moon's orbit with those on orbits of other satel-
lites of planets in the solar system. We can convenient ly
do so by making use of the concept of t idal radius which
is extensively used in stellar dynamics. King [9] showed
that a star in a star cluster of mass m moving in a cir-
cular orbit of radius R around a galaxy of mass M at a
distance D from its centre, would be removed from the
cluster if its t idal force due to the galaxy Ft exceeded
the main force Fn due to the star cluster, i.e. if

3M
D 3

¸
m
R3

;

or

R ¸
³ m

3M

´ 1
3

D ´ Rt ;

where Rt is the t idal radius of the cluster. If the cluster
was considered stat ionary we would have 2 instead of 3
in the formula.

If in the place of the galaxy, cluster and star we sub-
st itute the Sun, Earth and Moon we get for the t idal
radius of the Earth

Rt =
µ

E + m
3M

¶ 1
3

D;

where M ; E and m are the masses of the Sun, Earth and
Moon respect ively and D is the distance of the Earth
from the Sun. The sense of rotat ion of the satellite
around the planet a®ects the t idal limit . As the t idal ef-
fect depends upon the t ime of interact ion it is enhanced
for a direct satellite and reduced for a retrograde one.
Innanen [10] has given the following modi¯ cat ion of the
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t idal radius for direct and retrograde mot ions in circular
orbits :

Rtd =
³ m

9M

´ 1
3

R ¼ 0:7Rt ;

Rt r = 2:08Rtd ¼ 1:4Rt :

It may be noted that the rat io of the t idal force to the
main force is:

Ft idal

Fmain
=

µ
R
Rt

¶ 3

:

The rat io Rt=R is simply related to the rat ios of the
orbital periods as can be seen from the following:

For the Sun-Earth-Moon system we have from Kepler's
third law :

P2
moon

R3
moon

=
4¼2

G (E + m)
;

P2
sun

D 3
=

4¼2

G (M ¯ + E + m)
:

Therefore

P2
sun

P2
moon

=
µ

D 3

R3
moon

¶
E + m

M ¯ + E + m

=
µ

3R3
t

R3
moon

¶
M ¯

M ¯ + E + m
¼

R3
t

R3
moon

:

We have Psun=Pmoon ¼ 12:4. Hence Rt=Rmoon ¼ 4.

Therefore the moon is well within Rt as well as within
Rtd and hence is quite safe.

In Table 1 we give Rt =R for other satellites of the solar
system. It may be noted that all other satellites are less
perturbed by the Sun in comparison with the Moon.

As another exampleconsider thegalaxy, globular cluster
and a star in the globular cluster as a triple system.
Taking the mass of the galaxy within the distance of
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Planet Rt Rtd Rtr Satellite Rt /R Satellite position and

Direction of motion

Mercury 0.23 0.16 0.33     --- ---              ---

Venus 1.0 0.69 1.4     --- ---              ---

Earth 1.5 1.0 2.2 Moon 3.9 Direct

Mars 1.1 0.79 1.6 Phobes 115.6 Nearest Direct

Deimos 46.2 Farthest Direct

Jupiter 53.0 37.0 76.0 Metis 4151.9 Nearest Direct

Elara 4.5 Farthest Direct

Ananke 2.5 Nearest Retrograde

Sinope 2.2 Farthest Retrograde

Saturn 66.0 46.0 95.0 Pan 488.7 Nearest Direct

Iapetus 18.3 Farthest Direct

Phoebe 5.0 Retrograde

Uranus 69.0 48.0 100.0 Cordelia 1410.8 Nearest Direct

Oberon 120.4 Farthest Direct

Calibon * 9.8 Nearest Retrograde

Sycorax * 5.7 Farthest Retrograde

Neptune 117.0 81.0 169.0 Naiad 2413.7 Nearest Direct

Nereid 21.1 Farthest Direct

Triton 328.1 Retrograde

Pluto 6.0 4.2 8.6 Charon 393.1 Retrograde

* Provisional names

Table  1. Ratio of tidal ra-

dius to distance of satellite
from the planet.

the cluster as 1011M sun, mass of the cluster as 105M sun

and D and R as 10 Kpc and 10 pc respect ively, we get:

Rt =R = [105=(3 £ 1011)]1=310Kpc=10pc ¼ 7:

This shows that the stars in the globular cluster are less
perturbed by the galaxy than the Moon is perturbed
by the Sun. However for clusters closer to the galact ic
centre, theperturbat ion on thestar could becomparable
or even more than the perturbat ion experienced by the
Moon.
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the cluster as 1011M sun, mass of the cluster as 105M sun

and D and R as 10 Kpc and 10 pc respect ively, we get:

Rt =R = [105=(3 £ 1011)]1=310Kpc=10pc ¼ 7:

This shows that the stars in the globular cluster are less
perturbed by the galaxy than the Moon is perturbed
by the Sun. However for clusters closer to the galact ic
centre, theperturbat ion on thestar could becomparable
or even more than the perturbat ion experienced by the
Moon.

6. Concluding Remarks

The Sun-Earth-Moon system provides a splendid ex-
ample of the various manifestat ions of the t idal force.
The Sun is not only making the Earth-Moon system go
around it in a regular ellipt ic orbit but it is also act ively
engaged in modifying this orbit into an orbit of such a
high degree of complexity that even a scient ist as great
as Newton had headache and insomnia when he pon-
dered over it . The Sun brings about numerous changes
of various amplitudes and various periods in the six el-
ements of the orbit . The various elements of the orbit
are a®ected di®erent ly. The eccentricity ° uctuates by
about 20% from the average value while the semi-major
axis ° uctuates by only about 1%. The period of revolu-
t ion of the Moon around the Earth is also permanent ly
increased by about one hour due to the presence of the
Sun. Theperigeeand thenodesundergo secular changes
in such a way that the perigee advances while the node
regresses. The two elements are a®ected in opposite
ways by the same t idal force. The bewildering diversity
in the e®ects of one and the same t idal force is highly
illuminat ing.

The dynamics of the Sun-Earth-Moon system also tea-
ches us that all t idal e®ects are not due to gravitat ion.
The slowing down of theEarth's rotat ion and the conse-
quent secular accelerat ion of theMoon aredueto t idesin
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the seas. To make progress in this area we need to learn
from geophysicists or collaborate with them. The study
of the Earth-Moon system thus encourages interdiscipli-
nary research and emphasizes the unity of knowledge.

Let us conclude with the following words of the great
celest ial mathemat ician Henri Poincar¶e[11]:

\ The stars send us not only the visible and gross light
which strikes our bodily eyes, but from them also comes
to us a light , more subt le, which illuminates our minds" .

The Sun is a star and Poincar¶e's inspiring words cer-
tainly hold for the Sun-Earth-Moon system.


