




Introduction 1 ntroduction 7 

We live as i n  a mystery dream 
O n  one of convenient planets ... I 

The Russian poet Jgor Severyanin wrote the 
above lines in 1909. His idea of a mystery dream 
implied, I believe, not the lack of scientific 
explanation of the convenience of our planet. But 
poet's intuition carried the spirit of his times 
into his work. This makes readers see more be- 
tween the lines than the poet himself intended 
to say. Our understanding of physical phenomena 
occurring on the Earth has so advanced since, 
that the state we are in can be no longer called 
a dream. I t  is rather the state soon after awaken- 
ing: logical associations are already established 
but the consciousness is not yet completely 
clear. 

There is, however, a set of phenomena occurring 
on the Earth or in the solar system where the 
cause and effect relationships are quite clear. 
This book deals with relations and integrity of 
astronomical and climatic phenomena. These 
relations are based on celestial mechanics and 
thermal equilibrium of planets in general and 
their external containments, atmospheres, for 
one. The distinguished Soviet geophysicist 
A. S. Monin introduced the term "geonomy" for 
the science which deals with a comprehensive 
analysis of the Earth and its cosmic fellows. 
Yet this book is no Geonomy Made Easy since 
i t  does not describe magnetic fields of the planets, 
as well as electric and optic phenomena in the 
atmospheres. 

We shall make an armchair tour round the 
Earth and its cosmic surroundings. Our vehicle 
in this tour will be the knowledge of the basic 
laws of nature. Theory will guide us to such places 
which are impossible to be reached even by 
spacecraft. For example, we shall visit the center 
of the Sun. However, the description of nature 
is not our major objective. There are, naturally, 
some descriptions in this book but they only 
serve to illustrate the explanations of phenomena. 
Our wish has been to explain the structure of the 
world and to  demonstrate what makes i t  so "con- 
venient" to live in. 

We begin with pinpointing the exact location 
of our great home in space and time, namely, 
describe the part of the universe immediately 
around us, and the motion of the Earth around 
the Sun. I n  Chapter 1 we introduce certain 
physical notions which are quite complicated 
compared to  those studied at  school but which 
we need for the discussion which follows. 

Chapter 2 describes the Earth and planets not 
as material points but as rotating bodies con- 
forming, however, to  forces acting between them. 
Chapter 3 is focused completely on the Sun, the 
principal source of energy and the center of 
attraction in the solar system. Chapter 4 deaf 
with the effect of the solar radiation and chemic 
composition on the structure of the atmosph, 
and oceans, with the origin of winds and oce 
currents. Finally, Chapter 5 analyzes the caw 
of climatic changes on our planet. Amazing' 
climatic alterations over long time in t e rv~rs  
depend also on the motion of other planets. So this 
is the scope of problems discussed in this book. 



Tho ICarth's Path in Space 
find Time 

1. Celestial Sphere 

Look a t  the sky illuminated by countless stars 
at  a clear night. You know that  the distance to 
them is enormous in terms of terrestrial thinking. 
You already know quite a lot about the arrange- 
ment of our world but leave aside the book- 
knowledge and t ry  to feel the Earth, a tiny grit 
of the universe rotating and moving in space. 
Difficult, isn't i t?  Try again after having read 
this book. 

In this book we treat the Earth in its interac- 
tion with the surrounding part of the universe. 
Therefore we must first of all  identify our exact 
location in space. The celestial sphere, or simply 
stars in the sky, are our initial frame of reference 
by which we find direction in space. The variety 
of stars is  very rich. Some of them shine, others 
are hardly visible. The colour of light may vary 
from blue to yellow and shades of red. Stars 
are distributed over the sky quite unevenly: 
there are some locations where stars are scarce 
and then comes the Milky Way, a luminous band 
across the night sky composed of stars which 
cannot be separately distinguished by a naked 
eye. The ancient Greeks had a similar name for 
the Galaxy: Kyklos Galaktos, the milky ring. 

If you keep looking at  the sky for a long time 
or memorize the locations of stars and then have 
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another look a t  them, you may easily note that  
the stars have changed positions. This change is 
however universal: the whole world of stars 
rotates around us. Of course you know that i t  
is, in fact, the Earth which rotates in relation 
to stars. - -. -- 

To simplify the orientation in space we should 
rather disregard the Earth's rotation. 

Imagine tha t  you are a cosmonaut observing 
stars from the orbit of a satellite. I t  takes you 
half a turn, less than an hour, to get the view of 
the entire universe. The dispersed atmospheric 
light does not interfere and the stars can be seen 
even near the Sun. Stars do not twinkle in space, 
the twinkling being the efiect of air motion in 
the Earth's atmosphere. And, what is  most 
important, in space- we may disregard the geo- 
graphical latitude, the time of the day, and the 
season of the year since the location of stars on 
the celestial sphere is practically permanent. 

Ancient humans observed almost the same 
view of the celestial sphere: the relative displace- 
ment of stars over several thousand years is 

/ insignificant, therefore constellations have re- 
tained their shapes. The names of many con- 
stellations stem from ancient times. Strictly 
speaking, constellations are 88 arbitrary con- 
figurations of the celestial sphere, the boundaries 
between which were established by the Inter- 
national Astronomical Union between 1922 and 
1930. The history of constellations goes back to the 
groups of stars visible by a naked eye and the  
ancient names of constellations may stem from 
the configurations produced imaginarily by link- 
ing stars with lines. Drawings of ancient astro- 
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Virgo Leo Cancer ~ e r n i k i  ~ a u r u s  ' 1 Aries 
nl 9 o n  M T 

Fig. 1. (a) Diagram of Zodiac constellations. The hori- 
zontal dashed line is the ecliptic. The point of vernal 
equinox and the direction to the Earth's perihelion @ 
are indicated on the line. 
(b) Diagram of Zodiac constellations (continued). T is 
the point of vernal equinox, 0 indicates the direction 
to the center of the Galaxy. 

nomers have not survived to our times. Figures 
1 and 2 give the shapes of constellations suggest- 
ed recently by the American astronomer G. Ray. 
Yet a look a t  his  sketches of Leo and Aquarius 
makes us think that he has only reproduced 
ancient drawings by those who had named the 
constellations. The names have come to us from 
ancient Greeks, but the Greeks had borrowed 
the division of the celestial sphere into con- 
stellations from the ancient Babylonians. No- 
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Fig. 2. Diagram of constellations of the nwthern hemi- 
sphere. P is the direction to the celestial pole, the larger 
circle is its trajectory; E indicates the pole of ecliptic, 
the smaller circle is its trajectory; E,  is the direction of 
the solar system's momentum; V is the direction of the 
solar system's velocity in the Galaxy; + indicates the 
north pole of the Galaxy. 

tably, in ancient China stars were grouped into 
constellations absolutely differently. 

In Fig. 1 twelve constellations are located along 
the dotted line to form the Signs of Zodiac: 
Aries (r), Taurus ( 8 )  Gemini (x), Cancer (s), Leo (Q), Virgo (w), Libra (+), Scorpio (m, Sagittarius (A), Capricorn (x), Aquarius 
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F (E), and Pisces (H). In  brackets there are sym- 
bols invented in ancient times to designate these 
constellations. "Zodiac" is a Greek word meaning 
"animal" although the Signs of Zodiac include 
not only animal names. 

Figures l a  and 1b are the developments of 
a part of the celestial sphere. The dashed line 
represents the great circle of the celestial sphere. 
The drawing is closed while in fact the Zodiac 
constellations are cyclic: Pisces are followed 
again by Aries. This great circle of the celestial 
sphere is called ecliptic. The ecliptic is the path 
of the Sun among the stars during a year as 
observed from the Earth. Stars cannot be dis- 
tinguished a t  day time because of the solar light 
dispersed in the atmosphere. Yet even the ancient 
Babylonians understood that  stars do not dis- 
appear a t  day and could determine Sun's location 
in relation to constellations at  any given moment 
of time. 

Figure 1 gives not only Zodiac constellations 
but also two other ones: Ophiuchus and Cetus. 
Ophiuchus, the Serpent Bearer, is positioned 
on the ecliptic but i t  was not included into 
Zodiac probably on the grounds of its ugly 
appearance and because of a superstitious wish 
to make the number of Zodiac constellations 
"luckier". We have added Cetus because Ray had 
made i t  look so attractive and partly also on the 
grounds of superstition. 

For orientation we shall need constellations 
of the northern hemisphere given in Fig. 2. The 
center of this figure, point E, is positioned in 
relation to the ecliptic just as the North pole 
of the Earth in relation to the equator, while 
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directions to Zodiac constellations are indicated 
by arrows. Note that  the North Star is not in 
the center of the figure but near point P. 

Astronomers can calculate distances to stars. 
In fact, stars which compose a constellation are 
rarely close to one another. In  most cases the 
"neighbouring" stars are separated by enormous 
distances and their neighbourhood is purely 
optical. 

The same is true for distances from this planet 
to stars. Thus Vega of Lyra constellation is 
located a t  the distance of 2.5 x 10'' m which 
is 1.5 million times more than that  to the Sun. 
Vega's light reaches our planet in 26.5 years. 
Such great distances account for the fact that  
the positions of the stars in constellations are 
practically constant. In  fact, stars travel in re- 
lation to one another with measurable velocities. 
The average velocity of a s tar  is 100 kmls. The 
figure seems impressive, but let us calculate the 
time taken by a star moving a t  such a speed 
perpendicularly to the direction from us to the 
star (which is located very close to us, e.g. like 
Vega) to transit by 1 degree in relation to other, 
distant, stars. This time is: 

lo 2.5 x1017 m t=- 
180° lo6  m/s .v 4 x 10iO s LX 1400 years. 

There are however stars which transit over the 
celestial sphere faster than by 1 degree in 1.5 thou- 
sand years but such stars are very few. Most 
stars change their locations much slower since 
they are situated farther than Vega. For this 
reason the layout of constellations was practically 
the same in ancient times as i t  is today. I t  
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should be noted, however, that  the general view 
may change not only due to the displacement of 
stars but also because of the alterations in s tar  
luminous emittance. I t  is known, for instance, 
that  Betelgeuse which is presently a red star 
was mentioned in ancient Chinese chronicles as 
a yellow star. The general view of a constellation 
may change radically if only one star turns in- 
visible. This may account for the fact tha t  the 
ancient names of constellations look strange 
to the modern eye. Unfortunately, i t  is yet im- 
possible to calculate the evolution of numerous 
stars back to ancient times with sufficient accu- 
racv as well as to estimate their luminous emit- 
tance a t  tha t  time. 

As mentioned above, stars concentrate on the 
celestial sphere about the Galaxy. Through a 
sufficiently powerful telescope one can see tha t  
the Galaxy itself is composed of individual stars. 
However, the projections of these stars on the 
sphere are so close to one another tha t  a naked 
eye can distinguish nothing but a continuous 
luminous cloud. If observed from the Earth, the 
Galaxy seems to stretch all the way across the 
sky from horizon to horizon, but for a cosmonaut 
who can see the entire heaven i t  is a band of 
stars around us. The ancient Greeks somehow 
guessed it: they were the only people to call the 
Galaxy a circle (Kyklos Galaktos). 

Nowadays we use the word "Galaxy" to denote 
the system of stars housing our Sun and the 
Earth. We mean thereby not a circle in the 
celestial sphere but a real three-dimensional for- 
mation of stars. We study the Galaxy from the 
inside but if a sketch of i t  were made by an out- 
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side observer, the resulting picture would have 
rather an odd shape. The Galaxy looks like a flat 
and round pancake with a bulge in i t s  center. 
Spiral "sleeves" extend from the center of the 
galactic plane and the concentration of stars 
there is relatively higher. The Galaxy does not 
have clear boundaries. 

The maximum concentration of stars is in the 
center of the Galaxy, in its nucleus. Unfortun- 
ately, the investigation into the nucleus is  hin- 
dered by interstellar matter which absorbs light. 
At that  place-between Sagittarius and Scorpio- 
the Milky Way seems to fork over leaving a dark 
band in the middle. From the center of the Galaxy 
we receive radio-frequency radiation and short- 
wave X-radiation; the structure of the galactic 
nucleus was also studied in infrared light. 

Figures I and 2 give the galactic plane, the 
direction to the center of the Galaxy, and the 
galactic North pole. Sun's place in the Galaxy 
is near the center of the galactic disk. If i t  were 
otherwise the Milky Way would not look like 
a band around the great circle of the celestial 
sphere but would seem just a bright spot covering 
an extensive area. The distance from the Sun 
to the center of the Galaxy is about ag r 3 x 
loZ0 m which by two billion times exceeds 
that  from the Earth to the Sun: a@ = 1.5 x 
1011 m. 

Stars of the Galaxy rotate around i t s  nucleus 
in conformity with the law of gravitation. The 
projection of the galactic velocity vector of the 
Sun is indicated by point V in Fig. 2. The vector 
lies in the galactic plane, and this means that  
the Sun has always been in the galactic plane. 
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The orbital velocity of the solar system Va." 
250 kmls. The period of the system's revohltion 
around the galactic center can be assessed as 
2 n a g / u O ~  7 x 1016 S, i.e. more than two hun- 
dred million years. 

The law of gravitation permits to calculate 
the galactic mass inside the Sun's orbit. The 
total galactic mass approaches this estima- 
tion by the order of magnitude: 

va a 
- 3 ~  104i kg, m~ 7 

where G is the gravitational constant equal to 
6.67 x ms/(kg X s2). The total mass of 
the Galaxy exceeds that of the Sun by a factor 
of 10ll. Approximately this number of stars 
makes up the Galaxy. 

2. The Cosmological Time Scale 

The farther from us a cosmic body, the weaker, 
certainly, its action. However, the weaknesz 
of a given action compared to another one is no! 
a sufficient reason to neglect minor disturbance: 
completely. Let us exemplify it. 

The greatest force acting upon the Earth i: 
the gravitation of the Sun. Compared to thal 

I force, the force of attraction to the center of thc 

l Galaxy is insignificant: 
(aela0)2 rn,/rno N 3 x 10-ii. 

< 
c Is it negligible? The answer depends upon thl 
r period of time during which the motion is con 
o sidered. If i t  is a period of several years, i.e 

several turns of the Earth around the Sun, th 

Chapler 1. Thu Earth's Path in Space and Time 17 

effect of galactic gravitation is quite negligible. 
But if the period in question covers hundreds 
million years, which is comparable to the period 
of revolution round the galactic orbit, i t  is just 
the weak but constant force of galactic attraction 
that becomes the major force dictating the j3arth1s 
trajectory. The solar gravitation causes only 
minor alterations of the Earth's trajectory near 
the galactic orbit of the Sun. Note that the ve- 
locity of galactic motion is almost ten times 
greater than that of the Earth around the Sun. 

To study cosmic effects on our planet we may 
certainly limit oiirselves to the Earth's motion 
in the solar system and the Sun's motion in the 
Galaxy. But the time scale we shall need for that 
purpose is larger than the period of revolution 
round the galactic orbit. Thus we shall focus 
on the longest time periods, i.e. cosmological 
time. To do so we shall have first to go back to 
the description of the surrounding space outside 
the Galaxv. 

There is a great number of equally enormous 
star systems beside the Galaxy, some of them 
are similar to ours, others differ significantly. 
They are called galaxies (with small letter). 
The nearest two galaxies are Magellanic Clouds 
)bservable from the Earth's southern hemi- 
;phere. They are removed from us at  the distance 
~f 1.6 X lo2' m; the size of each galaxy is about 
! X 1OZ0 m. The Magellanic Clouds are irregular 
n form and their mass is much less than that 
~f the Galaxy. They are gravitationally con- 
~ected, i.e. they are Galaxy's satellites. 

High-power telescopes permit us to see an enorm- 
us number of galaxies, about 1011, removed to 
-01137 
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immense distances reaching loz8 m. Gala with the velocity of light. We shall see further 
are distributed over space quite unevenly, that  there i s  no complete analogy between a con- 
majority of them being joined into clusters ventional explosion and the big-bang expansion 
galaxies. Clusters, in turn, tend to join of the universe. Yet a natural question may arise: 
superclusters. Nevertheless the universe in how much time has elapsed since the Big Bang? 
era1 seems to be filled with matter rather ev To answer this question one must know-beside 
even the number of superclusters in the 0 the Hubble principle-how the universe gravita- 
able part of the universe is quite significant. tion decelerates the expansion. This and other 

In  the early 30s the American astro problems concerning our world in general are the 
E. Hubble proved by observations that  subject of cosmology. I t  is quite easy to make 
cities of remote galaxies are directed f r  an approximate assessment of the age of the 
Moreover, the farther a galaxy, the f universe if gravitation is neglected. Taken the 
escapes. The galactic velocities are Prop velocities of galactic recession time-independent, 
t o  the distance to the  respective galax 
statement is called the Hubhle princip 
actual proportiona~ity factor is hard to e - 1°17 I0l0 years. 
the universe distances are to0 long corn curate calculations indicate that  the age 
terrestrial measures. The value of the iverse is between 14 and 20 billion years. 
constant H is about 50-100 km s-'/me counted from the start of expansion 
I t  demonstrates the rate of recession cosmological time. 
parsec. The parsec, an astronomica gly, the extraordinary idea of the 
length, eguals the distance a t  which world had been theoretically predicted 
of one astronomical unit  subtends a was proved by observations. In 1922 
one second of arc. Thus, i t  is easy t scientist A. A. Fridman demonstrated 
megaparsec is equal to 3,086 x 1p2 solutions to Einstein's equations for 
transfer the  Hubble constant from a as a whole are unstable and depend 
units  t o  the physical with d.ecreased nd that  the expansion of the universe 
of length. Then H is approximately 3 t natural effect of gravitational equa- 

The idea of the expanding univ man lived a short life (1888 to 1925) 
I that  all matter of the world was init  ied out a number of most interesting 

in to  a compact superdense agglo a1 research and investigations into 
( then i t  was hurled in a l l  directions b f the Earth's atmosphere. The final 
( ic explosion. The higher the initi  Fridman's work On the curvature 
r matter, the farther i t  has recessed. lished before the galactic expansion 
0 of discovered galaxies move a t  a spe d and the Hubble constant was 
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first calculated) was the following: "Taken M to 
be equal to 5 X 1OZ1 masses of the Sun, we get 
the age of the world to be equal to about 10 billion 
years." M represents here the mass of the observ- 
able universe. Science knows very few examples 
of such a deep insight! 

A clock able of measuring time periods of 
billion years is also available. For this purpose 
the radioisotope technique is employed. The 
technique is based on the instability of isotopes 
of some chemical elements. Isotopes decay spon- 
taneously and transmute from one to another. 
The number of radioactive atoms and the mass of 
the isotope decrease with time in all cases in- 
dependently of external conditions and in con- 
formity with the following principle: 

-'IT0.6 m. ( t )  = m (0) 2 , 

where m (0) is the initial mass of the isotope, 
and T o . ,  is the half-life, a constant value strictly 
individual for each isotope. The half-life is the 
time in which the amount of a radioactive nuclide 
decays to half its original value. 

Half-lives of various isotopes are absolutely 
different. Short-living atomic nuclei decay ix 
millionth fractions of a second; there are iso. 
topes with equal to several seconds, thg 
half-life of others may be minutes, days, years 
We know presently more than two thousanc 
isotopes of the 107 elements of the periodic table 
305 of them are stable or have half-lives by fa 
exceeding the age of the universe. The distri 
bution of half-lives of other isotopes is given ii 
Fig. 3. I t  demonstrates that the major part o 
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unstable isotopes has specific lives between a 
minute and a week, but there are also-some long- 
livers. The latter are used for radioactive dating. 

Nuclear reactions which take place in the cores 
of stars generate various isotopes of chemical 

I day 1 year lo9 years 

Fig. 3. The distribution of half-lives of isotopes. 

dements. We shall discuss some of these processes 
,aking as an example our star, the Sun. There 
s one more source of unstable isotopes, namely 
iuclear reactions in the upper layers of the atmo- 
iphere induced by fast particles of cosmic rays. 
rhat is  how Earth's atmosphere, for example, 
s enriched with carbonic acid which contains 
,arbon isotope 14C. The isotope's half-life is 
,570 years. Measuring the content of 14C i11 wood, 
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one can calculate the time when that  tree w 
green and growing, when i t  synthesized orga 
compoun~s  from the atmospheric carbon dioxi 

Isotopes of star origin with half-lives betw 
906 and 107 years have not survived in the Ea r  overed on Earth 
crust. such isotopes appeared on Earth ge of lunar rocks 
after 1942 as a result of controlled nuclear 
tions and nuclear explosions. 

Finallyl several isotopes have half-lives 
to the age of the universe. These in 

two uranium isotopes, aSbU and 238U1 t h  
ZszTh, potassium ~ Q K ,  and strontium "Sr. 

A of concentration of these 
livers with the concentration Of those the 
into allows to determine the age of oldest 
ime. the tirne which has passed since the 
of their last melting. For 'example1 out ramazoff Brothers by Dostoevsky, 
sium 40K, which is a of solid rdyakov asked Grigoryl K ~ ~ ~ ~ ~ -  
a gas is slowly formed, argon 40Ar. 
tha t  argon admixtures have left t r created light on the first day 
of rock during the last melting and he Moon, and stars on the fourth. 
atoms newly formed from potassiu light shine from on the first day? 
break through the crystal lattice of sity he was beaten up. 
']rhus the number of argon atoms wil 
to that  qf the remaining 40K in a roc 
instance, 1.26 x 109 years which i 
life of 40K. 

~~~k~ aged between lob and lo7 Yea 
by way of track counting, i.e. c 
traces of fast particles produced by d extremely high temperature. 
~h~ convenient material for ecreased with expansion, and 
merit technique are glassy partic1 iformly filled the entire uni- 
tuff and ash. Amazingly, the gr Yet this primary light still  
error occurs in dating of rather yo the eye, i t  can be registered 
between 30 and 100 thousand yea 
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Before we proceed to  a deeper di~cussion of th body's surface per unit time. Thus, the factor of 

primary light let US look into the principles ~ r o ~ o r t i o n a l i t y  u Stefan-Boltzmann constant) 
thermal radiation.* YOU have certainly not is expressed by J K". In 1900 Max Plan&, 
tha t  the more a body is.heated the brighter the German physicist, proved the quantum nature 
glows. The chaotic thermal motion of molec" of thermal radiation. This allowed us to  express 
and the frequency of their collisions inere the Stefan-Boltzmann constant in terms of funda- 
with temperature. The fact is that  these phe mental constants: the velocity of light c, the 
mena are also accompanied by intensificatio Planck constant h = 1.054 X 10-34 kg.m2/s, and 
chaotic electromagnetic field which we the Boltzmann constant k = 1.38 x 10-23 J/K: 
natural light. 

~f a body's radiation interacts sufficiently 
with the heated medium, i t  Comes to the 
of thermal equilibrium. Then the body's s occupied with the explanation 
perties are determined exclusively by the t f thermal radiation. A spectrum 
erature of its environment. This of luminous intensity over fie- 
called the black-body radiation. function of light frequency 
The matter is that  thermal equilibri elength h = 2xclo demonstrat- 
ed if the body absorbs the incident li he energy falls on the frequency 
ly well while the absorbed energy is was the first to introduce the 
sated by the thermal radiation. Bodie ntum, the photon, and employ 
almost completely absorb light of t h  idea to explain theoretically 
spectrum look black. ctra of an absolutely black 

Ludwig Boltzmann, a distinguished 
physicist of the last century, has est 
principle of the thermal radiation: the 
the flux of luminous energy emitted 
lutely black body is proportional to quation is the radiant 
power of the temperature: of frequency, o ,  reIated to the spectral 

interval dm. I t s  dimensions are J/(rn2. s. s-l). 
S = uT4. The seconds can be easily cancelled but the di- 

 lux density S, which is also called radia 
intensity, is the energy emitted by 

+ y o u  can read about the physics of the 
in more details in the book Temperature by 
rodinsky, Mir Publishers, 1984. 



mensions are more characteristic of the value 
dS - if written that  way. The right-hand deno- 
d o  
minator includes a power of the number e = 
2.718, the base of natural logarithms. The 
thermal spectrum reaches its maximum a t  a 
frequency of om = 2.82 kTltL. If we plot the 

radiation spectrum -$ vs frequency, the area 
under the curve would yield exactly the value 
of the Boltzmann intensity oT4. Thus, the in- 
tensity of the thermal equilibrium radiation, the 
frequency of the maximum of i ts  spectrum, and 
the entire spectral dependence are determined by 
a sole factor: the temperature. 

Figure 4 gives the spectrum of a black-body ra. 
diation a t  3 K. This is exactly the present tern 
perature of the thermal radiation of the universe 
The radiation is a survived evidence of higl 
temperatures a t  the s tar t  of the expansion of thc 
universe. This is why i t  is called relic, i.e. onc 
tha t  came from the remote past. The relic radi 
ation of the universe was predicted in 1946 b: 
the Russian physicist George Gamow. He esti 
mated the modern temperature of the universl 
a t  10 K which is very close to the trul 

.A natural question may arise: why modern 
measurements show such a low Big Bang temper- 
i~ture? The fact is that  only helium can persist 
in liquid state a t  3 K: the so-called helium tem- 
peratures (the extremely low temperatures) have 

?ig. 4. The spectrum of thermal radiation of the universe 
vith temperature 3 K .  

value. ot their name from that  specific property of this 
Figure 4 shows the peak value the 'pectr AS. A temperature so low is a poor match for 

curve of the relic radiation to fall On the wav n idea of explosion. imagine a radiotelescope I length of several millimeters+ The same >ceiving the relic radiation. where does it come magnetic radiation occurs in the radiO-frequen , us from? H~~ long ago did it start? which ( 

c 
range undetectable, certainly, by a naked &ace and what material were the source of this 
The three-degree black radiation of the univ 

r 
0 

was discovered by the American connection we may not fail  to mention 
A. Penzias and R. Wilson in 1965. le uniformity of the universe thermal radiation 
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in all directions. Whatever part of the heave 
the radiotelescope is directed at ,  i t  receives r 
diation of the same temperature varying by mer 
several thousandths. Yet even these insignific 
variations have their own reason and explanat 
as we shall see below. 

Fig. 5. The diagram of universe expansion and reli 
radiation propagation. 

We shall t ry to answer the above questio 
from qualitative positions since their quant 
tive analysis would require a stricter aparo 
to  the notions of cosmology. Consider Fig. 
The Earth and a radiotelescope receiving t 
relic radiation are placed arbitrarily at  point 
You know already that  the modern estimation 
cosmological time, to, equals approximate 
101° years. If we receive today radiation emitt 
a t  the moment t,, we should assume that  i t  h 
travelled the path c (to - t,). The vel 
light c is the highest possible velocity of 
tion transfer. J t  is clear tha t  no inf 
can reach us from the distances longer 

A part of the sphere of this radius is represented 
by a continuous arc. The points inside the cross- 
hatched area are theoretically observable. But 
the light emitted in this zone is intensively 
nbsorbed. This happens because the density and 
temperature of the material are high at  short 
cosmological time periods: the material is then 
in the state of plasma and opaque to light. 

The recombination of the cosmic plasma, i.e. 
the composition of electrons and ions into neutral 
~rtoms occurred when the universe temperature 
was approximately 3000 K. The time interval 
between the moment of recombination t, and 
the start of expansion was merely 1 to 1.5 million 
years. I t  was then that  the universe matter turned 
transparent from the light-absorbing black. The 
moment of recombination is expressed in Fig. 5 
hy the sphere with radius c (to - t,) indicated 
by dashed lines. I t  is the radiation of this very 
aurface that  is received by radiotelescopes. But 
why don't we see the red-hot heaven heated to 
three thousand degrees and do register a tempera- 
ture thousand times lower? 

Recall to mind that  the universe does expand. 
'I'he surface of recombination is relatively close 
to the limiting sphere with radius ct,. Thus, i t  
moves away from us a t  a speed close to the veloc- 
ity of light. You are familiar with the Doppler 
uffect: if the source of waves moves relatively to 
the radiation receiver, the received frequency 
differs from the emitted one. The universe ex- 
pands, therefore we receive the radiation of ex- 
panding galaxies shifted to the red side, the side 
of longer waves. The surface emitting the relic 
light moves away very fast at  a speed slightly 
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lower than the velocity of light. For this reason 
all frequencies of the thermal radiation of this 
surface decrease by thousand times a t  3000 K- 
In the same way falls the detectable temperature, 
therefore radiotelescopes "see" the radiation at  
3 K. 

TO understand the composition of the univer v< c 
one should comprehend the uniformity of a 
its points: the universe is homogeneous. Figur 
may lead to  an erroneous assumption that 
are placed in the center of the world. Howe 
the limiting sphere with the radius is  B B 
a border of the universe: i t  is merely an expand 0 0 

sphere of the information we get about the wor 
For example, the limiting sphere would b 

A/-- 

different for an observer placed in galaxy C. T 
illustrate the homogeneity of the universe 
shall describe its evolution once again with t 
origin of coordinates taken at  one of the poin 
from which the relic radiation comes to us 
the present moment: at  point B. We shall 
scribe in succession a part of the universe 
various moments of cosmol g&,"dt ~ ~ ~ $ a ~ ~ $ ~ $ ~ ~ ,  ~$z: ;atp;~$;~; t  ;: stages of expansion when i ' '; 0)  at the moment of recombination t 10vears,  position a1 ter significantly. 3000 K; ( c )  at the stage of the formation of 

We shall s tar t  (see Fig. " loo Years, T . 15 to 20 K; (d)  modern state: 1! 
only a few seconds after t 10'0 years, = 3 K .  

In  this case the order of 
perature is 10" K. At th i  of the wodd is characterized by the 
is opaque, the high-temperature radiati formation of the nuclei of the f i ~ t  elements' 
ted from point B being absorbed at  a very s (deuterium 'D, helium JHe and 1 ~ ~ ,  
distance from the source and lithium ' ~ i )  from protons and neutrons. 
emit radiation, including point A a studies indicate that this primary 
Galaxy would form later. Point A synthesis of elements results in 25 to 27% of 
from point B due to  expa 4He (by mass), and 73 to 75% of the 
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material remains in the form of protons (hydro- 
gen l H  nuclei). The shares of other resulting 
isotopes are insignificant: deuterium takes about 
10-4, helium 3He accounts for 3 x lithi- 
um's share is between and 10-lo. Heavier 
elements are not formed a t  that  moment: we 
shall treat the way and time of their coming to 
this world in Chapter 111. Our confidence in the 
above interpretation of processes which had 
occurred so long ago is based on the later evi- 
dence corroborating just this composition of the 
universe. 

Figure 6 b  gives the universe a t  the moment of 
hydrogen's recombination a t  3000 K (helium 
had recombined a bit earlier when the tempera 
ture was twice higher). The light is dispersed an 
absorbed mainly by electrons which are fr 
in neutral atoms. At that  moment about half 
electrons are still free but  the portion of fr 
electrons will decrease rapidly with temperatur 
and the universe would turn transparent. 

Figure 6c indicates an intermediate mom 
when the radiation emitted from pbint B 
not yet reached point A. This point, howe 
is reached by light from nearer points. From 
physical point of view this stage of expansio 
is marked by the violation of the initial co 
plete homogeneity of the distribution of mater 
caused by gravitation, as a result, clusters 
galaxies and galaxies themselves are formed. 
that  stage of the universe evolution the temp 
rature of the relic radiation was between 10  
and 20 K. 

Finally, Figure 6d demonstrates the pres 
situation. The radiotelescope receives the r 
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radiation from point B. As pentioned above, we 
move from that  point at  a speed approaching the 
velocity of light. Thus, in conformity with the 
Doppler effect we see the spectrum of the uni- 
verse radiation not a t  the temperature of 3000 K 
but of 3 K. 

Well, let us arrange now an imaginary experi- 
ment. We mount a radiotelescope on a space- 
craft which accelerates to a high velocity. Will 
the relic radiation remain isotropic, i.e. uniform 
at all sides of the vehicle? No, i t  will not. The 
matter is that  vehicle's motion creates a motion 
in a certain direction in  the photon gas filling 
the universe. Therefore the relic radiation will be 
received with a different Dopphr shift depending 
on the direction of the radiotelescope in relation 
lo the course of the spacecraft. I t  means that  we 
rnay measure the spacecraft velocity through the 
temperature dependence of the relic radiation 
on the direction. 

Stop here. Do we really need a spacecraft? 
Let us check first whether the Earth itself moves 
in relation to the black radiation of the universe. 
Such an experiment was actually carried out in 
1979. I t  has demonstrated that  the temperature 
of the thermal radiation is by 0.1 per cent higher 
if the radiotelescope is directed a t  Leo and just 
c~s much lower if i t  faces Aquarius. Hence a con- 
clusion: the solar system moves a t  a speed of 
nbout 400 kmls in relation to the system of coor- 
dinates with isotropic temperature of the uni- 
verse relic radiation. This velocity is called the 
c~bsolute velocity of the Sun. 

We shall treat Earth's orbital motion around 
the Sun in  the next section, and meanwhile we 
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take advantage of some information available 
on this subject. The matter is that  the vector of 
the absolute velocity of the Sun happens to lie 
on practically the same plane as the Earth's 
orbit. Thus the Earth's orbital velocity is added 
to the absolute velocity of the Sun in winter and 
is subtracted from i t  in summer. Consequently, 
the absolute velocity of the Earth in  summer 
differs from that in winter by 60 km/s and the 
temperature of the relic radiation in direction 
to Leo differs from that  in direction to Aquarius 
by 0.54 mK. A comparison of measurements made 
in Decembet 1980 and July  1981 has revealed 
that the difference in the temperature of relic 
radiation approximates the theoretical value. 
This helped to measure not only the absolute 
velocity of the Earth but also the yearly altera- 
tions of this velocity. 

The galactic orbit of the Sun being known, i 
is possible to calculate the velocity of Galaxy' 
absolute motion. For this purpose the vector o 
the orbital velocity of the Sun should be sub 
tracted from the vector of its absolute velocity 
So the absolute velocity of the Galaxy approxi 
mates 600 km/s. Directions of the above-men 
tioned motions are given in Fig. 7. 

Random deviations of the galactic 
from the Hubble principle reach appr 
the same value: about 600 km/s. Th  
existence of the absolute velocity of o 
does not contradict the homogeneity and isotro 
of the universe which are effective only on 
supergalactic scale. Yet the thermal radiat 
of the universe-taking into account our d 
in relation thereto-is isotropic with a hlg 

Fig. 7 .  Diagram of the position of the solar system in 
Ll~c Galaxy and directions of motion of the Sun and 
(iulaxy in relation to the relic radiation. 

rlcgree of accuracy; the deviations from isotropy 
~lcpend upon the accuracy of the experiment. 

The calculated absolute velocity of the Earth 
i a  of principal importance. Textbooks on physics 
ntate that  velocity is relative. Should we not 
doubt i t  now? 

The principle of relativity was introduced by 
(ialileo. I t  reads that  physical principles are 
identical in all frames of reference moving uni- 
formly and in a straight line. Galileo certainly 
considered only mechanical experiments when 
I I C  described in his Dialogue on Two Systems, the 
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Ptolemaean and the Copernican (1632) experiment 
in a closed cabin inside a ship: "If only the ship' 
motion is uniform and i t  does not change course 
you would not feel any change in all mention 
phenomena and by none of them you would 
able to judge whether the ship is moving 
standing still". 

However, the Galilean principle remained a 
true for electromagnetic phenomena. The 
chelson's experiment proved in 1881 that th  
velocity of light is independent of the frame o 
reference thereby having discarded Lorentz' 
theory of a motionless ether. The ether w 
regarded as a certain hypothetical medium 
which electromagnetic modes propaga 
trodynamic laws and the Galilean 
were combined by Albert Einstein into t 
of relativity. The notion of ether lost 
meaning. In memory of the past scientific sear 
and errors the American astrophysicist P. J. 
bles has called the displacement relative to 
thermal radiation of the universe "the new et 
drift". The experiment made in 1979 was a 
his idea. 

Note however that the measurement of 
absolute velocity of the Earth does not ref 
the Galilean principle since measurements 
made not in a closed cabin but in the ent 
observable part of the universe. The measu 
ment of the absolute velocity also does not c 
tradict the principle of relativity because 
velocity in relation to the relic radiation is 
sufficient to introduce the absolute referen 
frame of spatial coordinates. Let us make s 
of that. 
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If the absolute velocity of the Galaxy Vabs.Gal 

is known, we can theoretically indicate the point 
in the modern universe from which our Galaxy 
liad escaped, i.e. the point where the matter 
of the Galaxy was a t  the moment of the Big Bang. 
'l'he direction to i t  lies somewhere in Pegasus (it 
concerns certainly only direction and not the 
p tars of the constellation). The distance to that 
point is approximately tOvabs.Gal s 2 x m. 
There is no sense, however, in the assumption 
that this point was the ground zero of the Big 
I jang. 

Imagine a distant galaxy, for example, a t  
point C in Fig. 5.  It is moving away from us a t  
R speed much higher than 600 km/s but at the 
name time i t  may be motionless in relation to the 
relic radiation. We could as well believe that 
this galaxy is the plane the world is expanding 
from. Therefore there is no natural reference 
point in the universe. 

The effect of the relic radiation on our planet 
is extremely weak: its source is far away and 
the temperature is low. This effect could have 
been neglected but the description of the Earth's 
motion would be incomplete without considering 
the absolute velocity. Let us return now from 
remote areas of the universe to the immediate 
surroundings of our planet-the solar system. 

4. The Motion of the Earth 
rtnd the Planets Around the Sun 

The orbital motion in the Galaxy-not to mention 
the new ether drift-is insignificant for our further 
discussion. Thus, i t  is convenient to take the 



center of mass of the solar system as the referenc 
point. Since 99.87 per cent of system's mass i 
concentrated in the Sun itself, the reference poin 
would naturally coincide with the center of t h  
Sun. 

Nine major planets (Mercury, Venus, the Earth 
Mars, Jupiter, Saturn, Uranus, Neptune, P lu t  
and a multitude of minor celestial bodies rota 
around the Sun. Notably, the orbital planes 
all planets except Pluto almost coincide. T 
plane of the Earth's orbit is certainly the firs 
priority of our discussion. As you already k 
the ecliptic is the projection of the Earth's 
on the celestial sphere. The majority of obser 
events which take place in the solar 
occurs a t  the ecliptic* "against the bac 
of Zodiac. Note that  the plane of Moon's 
around the Earth slopes towards the ecl 
the angle less than 6". The Moon is alw 
jected on Zodiac constellations and is seen 
tween them. Therefore the ecliptic is the mo 
convenient reference point of the celestial sphe 
for the study of the solar system. 

The first five planets besides the Earth ha  
been known to the humanity since ancient t im 
Their slow and mysterious motion among Zodi 
constellations has always attracted the ey 
men. These planets, the Sun and the Moon, 
believed in ancient times to have magic 
mystical properties. They were associated wl 
the seven days of the week, metals known to t 
ancients a t  that  time, and mythical gods. Ancie 

* The word "ecliptic" means "the line of eclipses" 
Greek. 
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Chinese idea was that  planets correspond not only 
to the days of the week and metals but also to  
live elements. The same idea was popular in  
ancient Rome where each planet had its own day 
of the week and metal which fact is presently re- 
flected in many European languages. All this 
curiosities are given in Table 1. The table carries 
no physical meaning but i t  has a certain historical 
and educational import. Celestial bodies are 
grouped in Table 1 in the ascending order of their 
periods of revolution according to Zodiac with 
corresponding days of the week arranged in an 
alternate sequence. 

Table 1 
Planets and Associated Notions 

Celestial 
body 

Moon 

Mercury 

Venus 

Sun 

Mars 

Jupiter 

Saturn 

- 

Astro- 
nomi- 
cal 
symbol 

g 
9 
9 
a 
Cj) 

3 

Day of 
the week 

Monday 

Wednes- 
day 
Friday 

Sunday 

Tuesday 

Thursday 

Saturday 

silver 

mercury 

copper 

gold 

iron 

tin 

lead 

Element 

- 

water 

metal 

- 

fire 

wood 

earth 
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Twelve months of the year correspond to twelve 
Zodiac constellations. The word "month" is 
likely to stem from lunar phases (new moon, first 
quarter, full moon, last quarter). The ancient 
calendars were timed by new moons. There are 
12.37 lunar months in a year. The number was 
later rounded off to 12 and this could have been 
the reason for grouping stars into constellations. 
Note tha t  the division of Zodiac into twelve con- 
stellations is in no way natural for the celestial 
sphere. On the average the angular distances 
between stars of the adjacent Zodiac constella- 
tions are the same as those within the constella- 
tions. I n  ancient China, by the way, there were 
distinguished 28 Zodiac constellations, the reason 
therefore could well have been that  the same 
number of days was counted in a lunar month. 

Ancient humans did not know that the Earth's 
motion was the actual cause of the Sun's travel 
through Zodiac constellations during a year. 
Thus, a tradition originated in  ancient Babylon 
relates months of the year to Zodiac constellations 
on which the Sun was projected when observed 
from the Earth. This relation, however, is not 
fully identical with the modern one: since then 
the dates of the Sun's entering the successive 
Zodiac constellations have shifted significantly. 
We shall compare the ancient and present data 
and discuss the shift somewhat later. Yet it 
should be mentioned that  the shift results from 
the Earth's own rotation. 

To trace the real way of the Earth's transit 
during a year i t  would be much more convenient 
to consider not the Sun itself but the direction 
of the vector coming from the reference point, 

i.e. from the Sun to the Earth. In  December 
and January this radius vector is directed a t  
Gemini, in January and February i t  enters Can- 
cer, and so forth. The points corresponding to 
these directions on the first days of each month 
are given in Fig. 1. 

Projections of the motion of other planets on 
the celestial sphere look equally simple in the 
frame of reference with the Sun as the reference 
point: all the planets travel quite uniformly in 
a straight line from left to right (see Fig. 1). 
In relation to an observer placed on the Earth 
their trajectories on the celestial sphere are highly 
complicated: from time to time the forward 
motion is succeeded by the reverse one. Coper- 
nicus was the first to have guessed the reason for 
that: the intricacy of the planetary motion over 
the celestial sphere results from the combination 
of the motion of planets and the Earth's motion 
around the Sun. 

So far we have been treating the projection of 
the motion of planets on the celestial sphere. 
Ancient astronomers focused their efforts mainly 
on the construction of kinematic models of 
these motions. The next historical step was to 
measure the distances between the planets and 
the Sun, to describe planetary orbits. 

The great German scientist Johannes Kepler 
(1571-1630) has established that  planets revolve 
by closed curves called ellipses. For further dis- 
cussion we shall need some mathematical prop- 
erties of the ellipse. 

If a circular cylinder were cut obliquely or 
a circle were considered a t  an angle, the resulting 
figure would form an ellipse. The ellipse is de- 
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scribed by the following equation: 
xa y= 

- + y = I ,  
aa b 

where a and b are two parameters of the ellipse 
called semiaxes (Fig. 8). If a = b the equation 
of the ellipse turns into the equation of the circle 
with radius a. 

I t  is however more convenient to characterize 
an ellipse by i ts  major semi-axis a and a dimen- 

Fig. 8. Ellipse. 

r- 
sionless number e = v' 1 - - which is called 

aa 
the eccentricity of the ellipse. Evidently, 0 < 
e < I. If e = 0 is the case, i t  corresponds to 
the circle. The greater the eccentricity, the more 
extended the ellipse. When e = 1 i t  degenerates 
into a segment with length 2a. 

There are two remarkable points inside the  
ellipse, the focuses. They are located symmetri- 
cally on the major axis, the distance between the 
focuses is 2ae. A ray emitted from one focus re- 
flects from the ellipse and comes through the 
other focus. There is one more feature: the sum 
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of the distances from any point of the ellipse 
to its focuses does not depend on the location of 
the point and is equal to 2a. These properties 
of the ellipse focuses are easily proved with the 
help of the equation of the ellipse. 

Compute the area of the ellipse using a method 
which is not very strict from mathematical point 

Fig. 9. Deriving area of an ellipse. 

of view but rather elegant. Imagine a usual cir- 
cular cylinder with radius b and height h. You 
know tha t  i ts  volume is equal to a-cb2h. Cut now 
this cylinder by a plane a t  an angle a. The 
resultant cross-section will be an ellipse with 
semi-axes b and a = blcos a (Fig. 9). 

Attach the cut-off top of the cylinder to i ts  
bottom from below. I t  is clear that  the volume 
of the  compound cylinder remains the same. To 
calculate the volume of this cylinder, we employ 
the Cavalieri principle: cut the cylinder men- 
tally into a great number n of elliptical disks 
parallel to new bases. The volume of each of the 
disks is its area (the yet unknown area of the 
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ellipse) multiplied by the disk's height h cos a/n. 
Thus, 

h cos a 
nbZh= nS -. n 

Hence, by cancelling out h and expressing cos a 
as a, we have the area of the ellipse S = nab. 

This method of calculating the area of an 
ellipse was introduced in the 17th century by the 
Japanese scientist Tacacatsu Seki who had inde- 
pendently discovered the Cavalieri principle. 
Unfortunately, there was no contact between 
European and oriental sciences a t  that time. 

Having analyzed long-term observations of the 
planetary motion, Kepler derived three laws 
which describe the kinematics of the motion of 
the solar system bodies: 

1. Every planet moves in an ellipse with the 
Sun a t  a focus. 

2. The radius vector drawn from the Sun to 
the planet sweeps out equal areas in equal times 
(i.e. the areal velocity is constant). 

3. The squares of the times taken to describe 
their orbits by two planets are proportional to 
the cubes of the major semi-axes of the orbits, 
i.e. 
Ta  - = const. 
a3 

Several decades later Isaac Newton proved that 
Kepler laws stem unambiguously from dynamics 
of the material body motion if: (1) the celestial 
bodies gravitate to one another; (2) gravitation 
is directed along the straight line connecting 
the centers of masses; (3) this force is inversely 
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proportional to the square of the distance between 
the bodies. 

The connection of these three statements with 
the Kepler laws is not obvious. We can demon- 
strate the third Kepler law for circular orbits. 
Unfortunately, the proof of this law for elliptic 
orbits and Kepler's first law is extremely com- 
plicated. Thus it has to be taken for granted. 

(b)  
Fig. 10. Deriving the constancy of areal velocity. 

Yet there is a way to demonstrate the second 
Kepler law with the help of the second statement. 

The areal velocity, as we may see, equals half 
of the area of the parallelogram constructed on 
vectors v and r. We designate it by A (it is shown 
by hatching in Fig. 10). Then we project radius 
vector r and velocity v onto the coordinate axes; 
the projections will be x, y, and v,, v,. The 
area of triangle A is calculated as the sum of areas 
of three smaller triangles hatched differently: 

(z- vx) y (~61-Y) vr (v, - Y) (2- vx) A =  
2 + +  2 
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Consider now a change in the value of A resulting 
from a slight increment in time d t .  The definition 
of velocity implies that  the increments in coor- 
dinates are: d x  = v,dt and d y  = v ,d t .  Therefore 

In  conformity with Newton's second law the 
change in velocity d v  is proportional to the force. 
The force is directed towards the center, towards 
the reference point. Thus the ratio between incre- 
ments in velocities dv,ldv, equals the ratio x / y .  
Hence the increment d A  is identically equal to 
zero. A is constant which fact proves the second 
~ e ~ l e r  law. 

Let us find the areal velocity of the Earth. 
Parameters of the Earth's orbit around the Sun 
are well known (see Table 2). During a year the 
Earth describes an ellipse whose area is S = nab. 
Thus the areal velocity of the Earth can be found 
by dividing this area by the period of revolution 
(@ is the astronomical symbol of the Earth): 

The orbital velocity increases as the planet 
approaches the Sun. The point of the orbit which 
is the nearest to the Sun is called perihelion 
(from the Greek words peri meaning "near" and 
"helios", the "sun"). For the Earth's satellites 
this term is substituted by perigee (from the 
Greek word ge, the "earth"). The distance from 
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Table 2 
Orbits of Planets 

the Sun to the perihelion is a@ (1 - e) .  The 
velocity a t  perihelion is perpendicular to the 
radius vector, thus i t  can be easily found: 

Planet 

Mer- 
cury 
Venus 
Mars 
Jupiter 
Saturn 
Uranus 
Neptune 
I'luto 

- 
2'% urn,, = - )/= = 30.3 kmls. 

Te3 

The farthest from the Sun point of the orbit is 
called aphelion, the distance to i t  is a@ (1 + e ) .  
The constancy of the areal velocity suggests that  
the velocity a t  aphelion is 

a@= 1 . 4 9 5 9 7 5 7  x 1 0 1 1  rn; T@=3.1558150 x 107  s; %= 
5.976 X 1 0 2 4  kg; Maj = 2.66  X 1 0 4 0  kg mats; e@= 0 . 0 1 8 i  

(q." 

0.39 

0.72 
1.52 
5.20 
9.54 

19.18 
30.06 
39.44 

I t  is evident that velocity reaches its maximum 
11t perihelion and minimum at  aphelion. The 

Period 
(years) 

0.24 

0.62 

11 
29.46 
84.01 

164.8 
247.6 

M a s  
(in m a )  

5 . 6 ~  

8.1 x 10-I 
1 . 8 8 1 . 1 ~ 1 0 - ~ 1 . 3 x l 0 - ~  

.873.2X10a 
9 . 5 ~  10' 
1 . 5 ~  lo1 
1 . 7 ~ 1 0 '  
2 . 0 ~ 1 0 - 3  

Moment 
(in M @ )  

3.4X 

7 . 0 ~ 1 0 - I  

7.6X10a 
2 . 9 ~  loa 
6.4 x 10' 
9 . 5 ~  10' 
1 . 2 ~ 1 0 - ~  

Inclina- 
tion 
orbit 

7°0'14" 

3'23'39" 
1'51'0" 
1'18'21" 
2'29'25" 
0°46'23" 
1'46'28" 

17'8'38" 

e 

0.2056 

0.0068 
0.0934 
0.0484 
0.0557 
0.0472 
0.0086 
0.2486 



average velocity of the Earth's orbital motion 
equals half the sum of its maximum and minimum 
velocities: I 

2nae 
uav = - =29.8 kmls. 

T~ I / l - e a  

Now we shall consider the orbital motion of 
the Earth and planets differently. We shall not 
follow their travel round the orbits but focus 
upon the values which are conserved during 
motion. We know that  the plane of revolution 
of a planet is constant and value A is conserved. 
These two statements can be integrated. Intro- 
duce vector M equal to the double product of A 
by the planet mass m and directed perpendicular- 
ly to the plane of revolution to the northern 
hemisphere of the celestial sphere. This vector 
is called the moment of momentum. The con- 
servation of its value is equivalent to the second 
Kepler law, and its constant direction reflects 
the constancy of the plane of revolution of the 
planet. 

The first two Kepler laws contain the princj 
of conservation of the moment of momentum. : 
these very laws manifest the conservation of 
more vector. Note that  the spatial orientat 
of the ellipse of planetary orbit and its eccent 
i ty  are constant. This means that  another c 
stant vector can be introduced, which is eq 
in value to the eccentricity and is directed at  
perihelion. We shall designate i t  by e. I t  
clear that  vectors M and e are mutually perp 
dicular. 

The moment of momentum of the Earth 
definition is perpendicular to the ecliptic and 
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rccted a t  point P, the center of the diagram of 
constellations in Fig. 2. The Earth passes its 
perihelion each year on January 3 and 4; in 
olher words, vector e is directed a t  Gemini. The 
inaccurate dating does not mean a change in this 
direction, i t  is merely a specific feature of our 
calendar. 

The laws of planetary motion were established 
for the Earth and five easily observed planets. 
Naturally, they proved to be true also for distant 
planets and minor bodies of the solar system. 
The first planet previously unknown to ancient 
ristronomers was discovered in 1781 by the English 
r~stronomer W. Herschel. I t  was called Uranus 
(the astronomical symbol for i t  is & or '6' ). 
In 1801 the Italian G. Piazzi discovered the first 
of the minor planets on the orbit between Mars 
rind Jupiter. Since then orbits of more than 
2300 minor planets, or asteroids*, have been de- 
I.ermined. Many of them, in contrast to most 
planets, have a significant eccentricity and the 
r~ngle of inclination to the ecliptic. In 1846 the 
French scientist U. Le Verrier and the English 
scientist J .  Adams predicted the existence of one 
more planet by the disturbance of Uranus's orbit. 
That very year the German astronomer J .  Galle 
discovered a planet just in the sector of the 
sky indicated by Le Verrier. That  was Neptune 
designated by astronomical symbol T, the 
lrident of Poseidon, the Greek sea-god identified 

Asteroid means 'star like'. This, not very appropriate, 
name was given to minor celestial bodies because their 
proper dimensions cannot be distinguished by tele- 
scopes; they look as point-like sources of light which is 
Ll~e reflected one in contrast to the light emitted by stars. 

I -Ut i 3 7  
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Estimate the relation between the forces of 
attraction of the planets and the Sun. The relative 
action of Jupiter, the most massive of planets, 
on the Earth does not exceed the value 

- 5 x 10-5. 

The relative disturbance in the Earth's orbit 
produced by Venus is of the same order of mag- 
nitude (the effect of other planets is still  lower): 

-<- 

Mutual disturbances in the motion of plane 
are maximum a t  the moments of their conjun 
tion. This is the term for the planets positione 
on one line with the Sun and from one side of i t  
As this happens, the distances between the plan 
ets are minimum. The conjunctions of planet 
repeat periodically. 

Let us find the period of conjunction of t 
planets with respective periods of revolutio 
and T,. The reciprocal of period is frequency. 
revolution of all the planets takes place in 
direction with the frequency which is the h 
the nearer the planet is to the Sun. I t  is ea 
see that  the frequency of conjunctions eq 
the difference in frequencies of the revolut 
of planets. Therefore the formula for the pe 
of conjunctions TI, will be: 
T-'= 10 IT;'-Till, or Ti,= TI Tz 

IT~-TII  ' 
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svents on revolving planets and to understand 
the arrangement of our calendar. 

Now we can estimate the specific times during 
which planets significantly change the orbits 
of one another, the times of violating the laws 
of conservation of moments and eccentricities 
of individual planets. After each conjunction the 
relative distortion of the orbit equals, by the 
order of magnitude, the ratio between the forces 
of attraction to the nearest planet and to the 
Sun. Consequently, the specific time during 
which the orbit of one planet would be signifi- 
cantly distorted by the gravitation of the other 
planet is 

T12FOIFpl - TlzmO (a,- al)2/m,a:. 

The time during which the Earth's orbit would 
be distorted under the influence of Jupiter, Venus, 
nnd, to a lesser extent, other planets is about 
twenty thousand years if calculated by this  
method. This is, however, only an estimate. 
Accurate calculations demonstrate that  the eccen- 
tricity of our orbit changes nonperiodically but 
with the specific time equal t o  hundred thousand 
years (Fig. 11). The values of the Earth's eccen- 
tricity fluctuate about 0.028. This eccentricity 
is, presently, less than the average and con- 
tinues to diminish. In 25 thousand years the 
Earth's orbit will become almost circular. The 
maximum eccentricity of the Earth's orbit reaches 
0.0658 which is more than the present value 
I)y a factor of four. On the face of i t ,  this value 
does not seem great since the orbit looks very 
much like a circular one with such an eccentricity. 
However, i t  turns out that  the nonuniforrnity of 
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the Earth's orbital motion and the changes in 
the distance to the Sun influence significantly the 
thermal equilibrium and the climate of the Earth 
during a year and at great eccentricities. We shall 
deal with this fact in the closing section. 

The moments of momentum of planets change 
under the action of disturbances with the same I 

em4 

0.06 -- 

Fig. 11. Changes in the eccentricity of the Earth's orbit 
in the next million years. 

specific times as the eccentricities. Yet they 
change not in the absolute value but only in di- 
rection. This is how i t  happens. We have already 
mentioned that the moments of momentum of all 
planets are almost parallel. The directions are 
contained in a narrow solid angle around the 
direction of the complete moment of momentum 
of the solar system. This moment is the vectorial 
sum of momenta of individual planets. I t  is  
a vector truly conserved in all planetary int 
actions. The value of the complete moment 
momentum is 3.154 X kg.m2/s. This is 
characteristic of the solar system exactly as fu 
damental as i ts  mass equal to 1.993 x IO3O k 
The direction of the complete moment of 
mentum is also constant. This vector is dire 
at  Draco. In the diagram of the celestial sp 
given in Fig. 2 the point at  which the vector 1 

directed is designated by letter E,. The Earth's 
orbital moment perpendicular to  the ecliptic 
is inclined to the moment of momentum of the 
solar system. This slope equals merely 1.7". 
It is directed at  Draco as well, a t  the center of 
Fig. 2 indicated by letter E. This point is called 
the pole of ecliptic. 

The moments of momentum of all planets turn 
slowly around the complete moment of the solar 
system under the action of mutual disturbances. 
This phenomenon-the turn of the planes of 
planetary orbits-is called precession. The pole 
of ecliptic, which is the projection of the Earth's 
orbital moment onto the celestial sphere, would 
describe under the action of gravitation of other 
planets in a hundred thousand years a small 
circle with radius 1.7" around point Eo.  Both 
this circle and the direction of precession are also 
indicated in Fig. 2. Frankly speaking, the tra- 
jectory of the pole of ecliptic is not strictly a 
circle since its radius also changes slowly. 

The period of a hundred thousand years may 
seem extremely long, but nevertheless the period 
of precession is short compared to the time of 
existence of the solar system. This time, exceed- 
ing four billion years, can house at  least forty 
thousand periods of precession. Certainly we 
cannot claim that  the angles of precession and 
the angles of inclination of planetary orbits 
remain the same through such a great number of 
periods. They are most likely diminishing which 
is the reason for the solar system to have turned 
so flat. 

If you have another look a t  Fig. 7, you would 
see that  the very moment of momentum of the 
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solar system, which we have just considered as 
absolutely motionless, is in no way perpendicular 
to the galactic plane. This, in turn, means that 
i t  should also turn very slowly, i.e. precess. Yet, 
more or less accurate astronomical observations 
have been carried out for mere four hundred years 
and this time is insufficient for determining the 
actual mechanism of this turn. However, the 
characteristic time, the period of this precession, 
can be estimated. Since the Galaxy is significant- 
ly flattened and its mass is not concentrated in 
one nucleus but is distributed over the entire 
disk, the period of precession of the moment of 
the solar system should approach, by the order 
of magnitude, the Sun's period of revolution 
around the galactic nucleus, i.e. 2 X lo8 years. 
Yet this period is notably less than the existence 
of the solar system: the Sun and the stars around 
i t  have accomplished between 10 and 30 turns 
around the nucleus of the Galaxy. But the moment 
of momentum of the solar system has not yet 
taken a stable position approaching a perpendic- 
ular to the galactic plane. 

So this is the intricate route which the center 
of masses of the Earth and Moon takes in space: 
i t  moves around the Sun in an elliptic orbit with 
a period of one year; the alteration period of the 
ellipse eccentricity is about lo6 years and the 
plane of the ellipse turns around a certain medium 
plane. The medium plane is perpendicular to 
the moment of momentum of the entire solar 
system and turns with specific time of 2 X lo8 
years. In addition, the Earth itself rotates. So 
let us take a closer look at  the rotation of planets. 

Chapter 2 

Mobile Firmament of 
Heavenly Bodies 

1. Kinematics of the Earth's Rotation 

Imagine yourself to be an extraterrestrial ap- 
proaching our planet from space. A sphere half 
illuminated by the Sun is facing you. I ts  surface 
is partially hidden by white clouds. Blue oceans 
r~nd continents painted green by forests and 
fields, yellow by deserts, and white by snow look 
out here and there through the azure haze of the 
atmosphere and gaps between clouds. 

An observer placed in space would soon notice 
that the motion of clouds is more or less random 
while the outlines of continents are stable. 
From the changing view of continents he would 
easily find out that the globe rotates as a solid 
body, i.e. as an integral whole and with one 
nnd the same angular velocity. I t  would not 
take the visitor from space a long time to deter- 
rnine the physical constants of our planet: its 
form is close to a sphere with the radius Re=  
6370 km; the Earth's mass is me= 5.976 X 
loz4 kg; the angular velocity of rotation is 1 
toe = 7.2921 15 x s-'. The outside observ- 
or would certainly measure the angular velocity 
of rotation in a star-oriented frame of reference. 
Note that the respective period P@= 2nloB = I 
86 164.09 s differs slightly from the period of 
86 400 s which the terrestrials call the day. The 
cause of this difference will be treated below. 1 
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The axis of the Earth's rotation is directed a t  

Ursa Minor (the corresponding point P is indi- 
cated near the North Star  in the star diagram 
given in Fig. 2). The angle E between the axis of 
the Earth's rotation and the direction to  the pole 
of ecliptic E is 23"27'. This takes care of the 
extraterrestrial's mission. Let us consider now 
the human experience. 

The frame of reference generally accepted on 
the Earth's surface is based on the axis of rota- 
tion. The well-known geographical coordinates are 
the latitude and the longitude. The axis of rotation 
crosses the Earth's surface at  the points called 
poles; a circle of zero latitude, the equator, is 
positioned a t  equal distances from both poles. 

As you know, the change of seasons is caused 
by the inclination of the Earth's axis. Consider 
Fig. 12. I t  is winter in the northern hemisphere, 
the month is December. The radius vector Sun- 
Earth is directed a t  Gemini. The Sun is seen 
from the Earth in the opposite Zodiac constella- 
tion, Sagittarius. A part of the Earth's surface 
receives no solar rays a t  all. The polar night 
sheathes the area within the polar circle while 
the Sun never sets near the South Pole. 

The axis of rotation does not change its direc- 
tion in the course of the planet's orbital motion, 
The areas of the polar night in the north and the  
polar day in the south gradually diminish. 
March 21 is the moment when the axis of rotat 
becomes perpendicular to the direction to 
the Sun. This is the day of vernal equinox 
day and night are of equal length on the 
planet. The Sun is in Pisces and the Eart 
Virgo if observed from the Sun. However, t 

Night 

Pig. 12. Seasons of the year. Directions to Zodiac constel- 
lations are indicated by arrows. 

point of vernal equinox is marked in Figs. 1 and 
12 by sign r, the symbol of Aries. This is a tra- 
dition. More than two thousand years ago this 
point was actually located in Aries. We shall soon 
see why i t  has changed position. 

Then summer comes to the northern hemisphere. 
June 22 is the day of summer solstice. The 
term "solstice" stems from the fact that the points 
of sunrise and sunset on the horizon and Sun's 
altitude a t  noon do not almost change for several 
days adjacent to the days of summer and winter 
solstices. The latitudes in which the Sun a t  noon 
stands during these days a t  zenith are called trop- 
ics. "Tropes" means a "turn" in Greek. The Sun 
seems to  turn over the tropics during solstices. 



The northern tropic is called the Tropic of Can- 
cer. This is also a tradition since the Sun is in 
fact in Gemini. The southern tropic is called the 
Tropic of Capricorn although on December 22 the 
Sun is positioned in Sagittarius. 

On September 22 or 23 the Earth passes the 
last of characteristic points of its orbit, the poinb 
of autumnal equinox. The axis of rotation is 
again perpendicular to sun rays, the length of 
the day is again equal to that of the night. 

If you count the number of days between the  
vernal and autumnal equinoxes you may be sur- 
prised by the result of 186 which is more than 
half a year. In contrast, the period between the 
autumnal and vernal equinoxes is less than half 
a year. The obvious reason for that  is the elliptic 
character of the Earth's orbit. The Earth passes 
its perihelion in winter therefore i t  has to go a lon- 
ger way in summer while the velocity of its orbit- 
al motion is lower than in winter. 

You know that  the principle of the conserva- 
tion of the moment of momentum results in the 
invariability of the orbital plane of the planet. 
One more effect of this principle is that  the direc- 
tion of the axis of the Earth's rotation is constant. 
To distinguish between the orbital moment of 
momentum and the moment of momentum of 
the  Earth, associated with the planet's rotation 
around i t s  axis, we shall further call the latte 
the moment of the Earth's rotation. Si 
the axis of rotation, i t  is  directed at  t 
Star. I ts  value is hard to  be calculated 
Earth is a massive sphere and comp 
its mass are located a t  various distanc 
axis of rotation. Moreover, the density of t 
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Earth's interior increases towards the center of 
the planet. 

The moment of momentum of a point mass m 
located a t  the distance r from the axis of rotation 
cquals mwr2. Thus, the moment of momentum of 
lhe Earth's rotation can be roughly estimated 
with the help of the expression 

Compare this to the Earth's orbital moment of 
momentum (cf. Table 2)-it is less by many 
orders of magnitude. For this reason the rotation 
of planets can be ignored when the total moment 
of momentum of the solar system is calculated. 

The Earth's moment of rotation does not 
change which is quite natural for a constant 
value (Fig. 13). But if i t s  direction were meas- 
ured with a higher accuracy and new results were 
compared to those previously obtained, i t  would 
come out that  the moment of rotation does turn. 
Almost without changing the value i t  rotates 
slowly around the pole of ecliptic and around the 
orbital momentum of the Earth. The angle of its 
rotation in a year equals mere 20", but in twenty 
~ i x  thousand years the moment would describe 
a cone around the pole of ecliptic and return 
11lmost to the initial position. 

We have met this physical phenomena al- 
ready-it is precession. We shall further see which 
forces cause the precession of the axis of rotation. 
For the time being we are interested in i t s  kinemat- 
ics in relation to the Earth's rotation. Thus, the 
period of precession is TT = 2.578 X lo4 years, 
lhe angular velocity being = 2x/TT = 
7.72 X 10-l2 s-l. This is  the velocity with 
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Our calendar is so designed that  the vernal 
oquinox occurs annually on one and the same day: 
March 21. This fact permits us to calculate the 
lime when the vernal equinox got its symbol 
of Aries and when the tropics of Cancer and Cap- 

Table 3 
Ancient and Modern Dates of the Sun's Passage 
Through Constellations 

Constellation 

Aqua- 
rius 

Pisces )C 

Aries T 
Taurus 8 

Ancient dates 

January 20- 
February 18 

February 19- 
March 20 

April 20- 
May 20 

Modern dates 

February 21- 
March 18 

March 19- 
April 21 

April 22- 
May 21 

May 22- 
June 21 

June 22- 
July 22 

July 23- 
August 23 

August 24- 
September 23 

September 24- 
October 24 

October 25- 
November 23 

November 24- 
December 23 

December 24- 
January 22 

January 23- 
February 20 

Gemini May 21- 
June 21 

Cancer 

Virgo 
A\s",r%r 22 

Libra September 23- - October 22 
Scorpio October 23- 

November 21 
Sagitta- < 
rius 
Capri- 2 
corn 

November 22- 
December 21 

December 22- 
January 19 

i 



ricorn were named. The matter is that  ther 
remains-beside these traditional terms-a 
commonly used correlation of Zodiac sig 
months and dates. On these dates the Sun passe 
the boundaries of constellations in ancient times. 
Let us compare the dates of the Sun's passage 
through the constellations in  ancient times and 
presently (cf. Table 3). 

The table indicates tha t  Cancer actually corre 
sponded to the summer solstice as well as Ca 
corn did to  the winter solstice. Therefore 
names of tropics were fully justified. Nowa 
this ancient correspondence between months 
constellations has no real sense. Yet 
signs are sometimes used to designate the momen 
of the vernal and autumnal equinoxes a 
ancient dating is employed by astro 
as also thousands years ago, to cast 
scopes. 

The only thing the ancient correlation 
dates and Zodiac constellations can be seri 
used for is t o  determine the time of its intr  
tion. We know the velocity with which the 
of vernal equinox moves. In  ancient times 
Sun entered Aries on March 21 and in moder 
time i t  is located in Pisces on that  day. The S 
covers the distance between the old and the n 
equinox points in 32 days. The period of prec 
sion equals approximately 26 000 years, 
which time the point of equinox makes a fu 
turn round the ecliptic and shifts by 365 day 
Therefore a 32 days shift  occurs in 

26 000 & = 2280 years. 
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This means that  the ancient correlation of dates to 
Zodiac constellations was accurate in about 
300 B. C. 

In 331 B.C. the army of Alexander the Great 
ontered Babylon. In that  raid Alexander was 
accompanied by many Greek scientists. Babylo- 
nian priests, the Chaldeans, were by far more 
ndvanced in  astronomy than the Greeks. The 
Greeks borrowed from the Babylonians the sys- 
tem of units based on astronomical observations: 
the division of the day into 24 hours (two hours 
per each Zodiac constellation), the division of 
the circle into 360 degrees (the Sun passes about 
2 "  of ecliptic each day), the division of the hour 
into 60 minutes and of the minute into 60 seconds, 
the division of the degree into angular minutes 
rind seconds. I t  is thus not surprising that  the 
Greeks designed the solar calendar in approximate- 
ly 300 B.C. having taken the advantage of 
Chaldeans' astronomical knowledge. In that  cal- 
ondar months of the year strictly corresponded 
to Zodiac constellations and the Sun was really 
in Aries on the day of the vernal equinox. 

I t  is easy to  calculate the time when the Sun 
flue to precession had displaced on the day of 
vernal equinox to Pisces, which made Pisces, in 
H certain sense, the major constellation of the 
Zodiac. However, i t  should be taken into consid- 
oration that  in ancient times the boundaries 
between constellations were designated with 
lower accuracy than presently. Thus, we need only 
to estimate the moment of transition within 
II century: the result would be the 1st century 
I1.C. This event, of course, was not a real astro- 
~~omica l  phenomenon since the boundaries be- 
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tween the constellations are arbitrary. Neve 
less, i t  was not ignored by the ancients 
attached so much importance to the positions 
celestial bodies. There is a hypothesis that t 
very event had produced an increased 
in  this sphere of mystical beliefs, the 
which was the advent of Christianity. I t  i 
for example, that the religious symbol 
Christians was not the cross but a picture o 
a fish. 

The next constellation after Pisces to ho  
the Sun on the day of vernal equinox will 
Aquarius. This transition will occur approxima 
ly in  2600. 

2. Physical Background of the Calendar 

The precession of the Earth's axis of rotation 
a slow process quite negligible in a life-time 
one generation. I t  is, however, the cause 
astronomers' discomfort. They measure coordi 
nates of stars from the point of vernal e 
therefore they have to make a correction 
ing with time in the longitude of stars, 
correction first measured by Hipparchus. If a c 
endar is designed to serve more than one gen 
tion, the precession also should be taken i 
account. 

As far as we, the residents of the Earth a 
concerned, the most important periodical eve 
are the change of day and night and the cha 
of seasons. Our everyday life is closely con 
with the Sun. The change of seasons brings 
weather changes on the planet and the agric 
a1 production also depends upon weather. 
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t,lle calendar based on the periodic character of 
these phenomena is most convenient for us but 
l o  have matched i t  was not an easy task. 

Let us again write down the adequately accu- 
rnte physical data required to construct a solar 
calendar: 
sidereal year T@ = 3.155815014 X lo7  s 
sidereal day P, = 8.616409 X lo4 s 
period of precession TT = 25780 x 3.156 

x l o7  s = 8.135 x 1011 s. 
Determine the period of time between two 

s~lccessive vernal equinoxes. This period is called 
rr solar year (or a tropical year). I t  is this year 
on which a calendar should be based to make 
equinoxes and seasonal changes fall on the same 
tlntes. 

The point of equinox on the celestial sphere 
is determined by the moment at  which the 
direction from the Earth to the Sun is perpendic- 
ular to the axis of rotation. This point transits 
rrlong the ecliptic in the direction reverse to the 
Earth's motion and with the period of preces- 
sion TT. Calculating the periods of planets' 
conjunctions, we have seen that  the frequency of 
c.onjunctions is equal to the difference in the fre- 
q~~encies of rotations. A similar procedure can be 
ornployed to calculate the period between equi- 
noxes. However, planets rotate in one direction and 
l l~e  point of the equinox transits opposite to the 
ISarth's motion. For this reason, frequencies, 
Ihe reverse periods of these motions, should be 
added to determine the reverse solar year: 

T-1 - Tg + 'f?'; 
sol - 
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The solar year is by 1224 seconds, or by t 

and a half minutes, shorter than the si 
year, the true period of the Earth's revolution. 

The above formula gives, in fact, the value o 
the circular motion period in a frame of reference 
rotating with another known period. I t  is also 
valid for calculating solar days. Since the Earth's 
orbit has a form of an ellipse, the Sun transits 
along the ecliptic nonuniformly over a year. 
Therefore the angular velocity of Sun's motion 
over the celestial sphere slightly changes. To 
construct a calendar, a mean solar day of the 
year, P o ,  is to be found. In other words, we have 
to determine the period of the Earth's rotation 
in the frame of reference where the Sun-to-Earth 
vector does not rotate, on the average, duri 
a year. Since the Earth's rotation and revoluti 
occur in one direction, the mean frequency 
the Sun's appearance Pii is the difference o 
frequencies: the frequency of the Earth's rota- 
tion Pgi and the frequency of the occurrence of 
equinoxes Ti&. The result is the following: 

Here comes the familiar to us number of seco 
in a day: 86 400 = 24 x 60 x 60. Hence 
second was previously determined as 1/86 40 
part of the mean solar day. However, in the 
the atomic clock was invented whose accurac 
higher than the stability of the Earth's rotat 
The standard of time was changed then and 
second is presently determined by the freque 
of oscillations of a cesium atom. This has a 
provided an opportunity to measure minor disturb 
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nnces in the angular velocity of the Earth's 
rotation and extremely low deceleration of its 
motion. 

Now let us calculate the number of solar days 
in a solar year: 

The first three figures of this number are well 
familiar to everybody: this is the number of days 
in a year. If the fractional part is rounded off to 
0.25 = 114, the origin of leap-years becomes 
quite clear: one more day (February 29) sh,ould 
be added every four years to keep the date of 
uquinox down to March 21. 

However, the divergence of N and its approx- 
imation to 365.25 is still significant. A one-day 
shift of the equinox will occur in such a calendar 
in (N - 365.25)-I = 128 years. For this reason 
the presently accepted calendar has not 100 but 
!I7 leap-years per each 400 years. For example, 
1600 was a leap-year, 1700, 1800, and 1900 were 
not, and 2000 will be again a leap-year, and so 
forth. 

1 3 The approximation 365 + - - 400 = 365.2425 
4 

illso does not absolutely coincide with N. How- 
wer, i t  is not so easy to calculate the moment 
when the date of vernal equinox would shift 
I)y one day. The matter is that number N itself 
is not strictly constant. I t  diminishes very slowly 
tach year by mere 6 x due to deceleration 
of the Earth's rotation. In  any case, the modern 
calendar can be safely operative for the nearest 
thousand years without any corrections in dates. 
The vernal equinox will stick to March 21. 
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The humanity has adopted the decimal system 

for nearly all units of measurement with the excep 
tion of time and angles. The long life of com- 
plicated Babylonian units, connected by rela- 
tionships, which may seem strange at  first sight 
(360, 60, and 24), has its own reasons. First, any 
radical change in the calendar or units of time 
is very toilsome since all historical dates have 
to be recalculated. Second, the basic natural 
units of time, the year and the day, are incompat- 
ible with any units of time system. The adopted 
system of time and angle measurement has one 
advantage. The Sun transits round the ecliptic 
(Fig. 1) approximately by 1" per day. I t  is also 
useful to know that the Sun and the Moon transit 
over the celestial sphere by one half of their 
respective disks per minute. 

3. Rotation of the Moon and Planets 1 
All planets and their satellites rotate. The rota- 
tion of planets conforms to a certain regularity: 
the more the mass of the planet, the faster i t  ro- 
tates. I t  is not a strict and proved law, there are 
exclusions from this rule, but on the whole 
(cf. Fig. 14) this regularity looks to be true. 

The answer to i t  may lie in the history of for- 
mation of the solar system. According to modern 
concepts the Sun and planets had formed out of 
a rotating nebula composed of gas and solid 
dust particles. The particles collided and joined 
into larger bodies thereby forming embryos of the 
Sun and planets. The largest number of colli- 
sions occurred at the center of mass of the system 
where almost all the gas of the nebula had been 
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attracted. So the Sun was formed. But almost 
n l l  the initial moment of momentum of the 
nebula appeared to be concentrated not in the 
Sun but in planets. After the Sun was ignited (the 
rnechanism of its burning is treated in Chapter I1 I) ,  

Pig. 14. Dependence of the angular velocity of rotation 
on the masses of planets. Corresponding points are ipdi- 
cated by symbols of planets, straight lines with quesbion 
marks indicate a possible deceleration of rotation. 

its radiation dispersed the light gases from 
the immediate surroundings to peripheral areas 
to form there giant planets. Planets of the terres- 
trial group turned out to be composed of solid 
particles. 

The matter of the rotating nebula being com- 
pressed into dense spheres, the velocity of rota- 
tion increases due to the principle of the conser- 
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vation of the moment of momentum. Thus i t  is revolution around the Earth: Pa* = Ta  .= 
not surprising that  the giant planets have a 27.322 days. The kinematics of Moon s rotation 
higher velocity of rotation than that  of smaller is clear from Fig. 15. 
planets. If the ratios of the frequencies of oscillations 

I t  is interesting to have a look at  deviations or the frequencies of rotations are multiple of the 
from this regularity represented in Fig. 14 by ratio of integers, the frequencies are said to be in 
a line connecting the majority of planets. Let 
us assume that  a similar regularity was operative 
with all planets in the course of the formation 

A' 

of the solar system but some planets decelerated 
their rotation later for different reasons. This 

A' 

probable evolution of rotation is indicated in 0 / Fig. 14 by dashed lines with question- 
marks. 

/ 
Neptune is very far from us and our kno 

about i t  does not yet suffice to discuss se 
the "correctness" of i ts  rotation. Recall ho 
the assumption that  Pluto had previously I? 

i ts  satellite. Maybe Neptune has partia 
the moment of rotation after Pluto had 
away? Fig. 15. Rotation of the Moon and succession of its phases. 

The crescent indicates Moon's side facing the Earth 
We the cause the decel the cross-hatching denotes the shady side of the Moon: of the Earth's rotation and the present v 

this deceleration. The Earth is braked by its 
satellite, the Moon. The actual mechanism of resonance. The term stems from the Latin word 
this process will be treated below. When the resonare meaning "to repeat sound". The import- 
evolution of the solar system had just started, ance of this physical phenomenon consists in 
the deceleration was apparently reciprocal: not that the resonance is indispensable for the inter- 
only did the Moon brake the Earth's rotation action of bodies which supports the multiplicity 
but the Earth also impeded the fast rotation of of frequencies and makes the resonance stable. 
its satellite. As the result of this the Moon is The Moon's rotation is resonant to its revolution, 
facing the Earth always by one side. but the Moon is not the only body of the solar 

This does not imply tha t  the Moon does not system to rotate resonantly. 
rotate in  relation to stars, but its sidereal period The cause of the anomalously slow rotation 
of rotation equals exactly the Moon's period of of Mercury and Venus is not clear. The explana- 
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@, 
it' 
I 1  - 1st turn 

I I (day turn) 

Fig. 16. Rotation and 
revolution of Mercury; 

\ 
the diagram shows two 
successive turns of the 
planet around the Sun: 
the "day turn" and the 
"night turn" in relation 
to Mercury's side marked - 2nd turn by "horns' of its astro- \\\@ (night turn) nomical symbol. 

tion is probably to be looked for in the hypothe- 
sis which reads that in the past they revolved 
around the Sun together in one orbit. I t  is inter- 
esting, however, that  presently both planets 
take part in resonant rotation but their resonance 
is not between themselves. 

Mercury's period of rotation was measured not 
very long ago with the help of radio astronomy. 
I t  turned out to be exactly equal to two thirds 
of the planet's period of revolution. The resonanc 
results in a very special kinematics of Mercury' 
motion. Consider Fig. 16. The ellipse of Mercury' 
orbit has a significant eccentricity, therefore 
the Sun positioned in the focus of the ellipse i 
notably displaced from the center. The velocit 
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of Mercury's transit round the orbit is rather non- 
uniform: i t  is by 1.52 times higher a t  perihelion 
l l~an  a t  aphelion. 

Mercury's period of revolution T g  is 88 terre- 
slrial days and its period of rotation is P g  = 
2Tg/3 = 58.7 days. Let us employ the form- 
111a of the solar day to find Po?, the period 
t)etween two sunrises on Mercury: 

11-1 - p - f  - ~ - f  - 1 
0, - g g -&; 

I ) , , ~  = 2 T g  = 176 days. 

'I'hus Mercury's solar day is three times longer 
Lhan i ts  sidereal day and twice longer than i ts  
period of revolution. For this reason Mercury's 
orbit had to be sketched twice in Fig. 16: once 
for a day turn and once for a night turn. Hornlets 
rind cross-tail of the astronomical symbol serve 
Lo facilitate the description of its rotation. Note 
Lhat in perihelion Mercury is turned to the Sun 
oither by one or other side while in aphelion i t  
faces the Sun either by horns or the tail. 

The rotation of Venus is still  slower but i t  
occurs in reverse direction! All the planets move 
ill one direction around the Sun, the majority of 
t.l~em and their satellites rotating in the same 
direction. This means that  their moment of rota- 
tion approaches the direction of the orbital mo- 
rnent of momentum, the exclusion being Venus 
r~nd Uranus. The axis of Uranus's rotation is 
rllmost perpendicular to its orbital moment of 
momentum and is almost in the plane of ecliptic. 
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The axis of Venus's rotation is almost perpendic 
ular to the plane of its orbit but the directi 
of i ts  rotation is reverse. Therefore the value 
i ts  period of rotation should be written wi 
a minus: P = -243.16 days. 

0  
The resonance of Venus's rotation turned ou 

to be related to the Earth's orbital motion 
The period of Venus's rotation P g ,  its period o 
revolution T and the Earth's period of revolu 0' 
tion make up the following accurate equality: 

p-1- g - -4T$+5T$. 

To understand the kinematics of Venus's mo- 
tion, the period of the Earth and Venus conjunc- 
tions is to be calculated: 

T,' = T g  - Tg;  
T T  

@ = 583.92 days. Tc= T , - T ,  

With such a period these planets approach o 
another a t  a minimum distance. Consider no 
a rotating frame of reference in which the Eart 
is motionless. In  that  case T, would be a time 
during which Venus returns to the Earth afte 
having made one more turn around the Sun. 
I t  is easy to check that  the period of conjunction, 
i.e. 583.92 terrestrial days, covers exactly five 
solar days on Venus which means that  the Sun 
would rise five times above Venus's h 
during that  time. An observer placed on 
would see four "earthrises" during the 
period if the planet's atmosphere were trans- 
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parent: 

5 = (T21 Pa)- '  
5 

= 116.8 days (a solar day of Venus); 

-- ' c  - (T$- p21)-1 
4 

= 146.0 days (a "terrestrial" day of Venus). 

At the moments of conjunction, when Venus is 
nearest to the Earth, i t  always faces us with one 

Fig. 17.  Rotation of Venus and its revolution around 
the Sun in a system of coordinates of a motionless Earth. 
At the moments of conjunction Venus always faces the 
Earth by the side marked by the cross of its astronomi- 
cal symbol. 

and the same section of its surface. This place 
is marked in Fig. 17 by the cross of Venus's 
astronomical symbol. 

Thus, planets that do not conform to the regu- 
larity indicated in Fig. 14 have their special . 
characteristics of rotation. This makes us believe 
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that  the rule "a faster rotation to a larger planet' 
is not accidental. 

Note one more significant difference betwee 
the rotation of terrestrial-type planets and gi 
planets. Mercury, Venus, the Earth, and 
rotate as a whole, as a solid body. The veloc 
of rotation of giant planets is not homogeneo 
I t  is notably dependent on latitude, and, app 
ently, on depth. (The angular velocities give 
in Fig. 14 are calculated for the periods of rota 
tion of equatorial areas.) This indicates tha 
giant planets are not solid bodies. 

We have so far discussed only the kinematic 
of the planetary rotation while internal force 
of planets induced by rotation and gravitatio 
have been ignored. Further we shall treat t h  
internal dynamics of planets. 

4. Forms of Celestial Bodies 1 
The great Russian writer Leo Tolstoy said tha t  
all happy families are alike while each unhappy 
family is miserable in i ts  own way. The same 
can be said about planets: all planets and their 
large satellites are alike while each asteroid and 
a small satellite are shapeless in their own way. 
The form of the Sun and planets is a sphere slight- 
ly flattened by rotation. This is so because the 
sphere is a stable form of a heavy body. But where 
is the boundary between minor and major celes- 
tial bodies? What is the critical mass and size 
to gain a spheric form? 

Celestial bodies become spherical under the 
action of their own gravity. A small asteroid may 
retain an arbitrary form, but there is a certain 

limiting mass a t  which the acceleration of free 
11111 becomes so great on the body's surface that  
I,he rock cannot sustain its own weight: projecting 
parts of the asteroid will break away to yield 
a spherical body. Let us t ry to estimate the 
rrlass and size of a celestial body still able of 
I,aking up an arbitrary form. 

Let the mass of a celestial body be m and its 
rlverage density p .  In this case its volume is mlp 
rlnd the size of the body approaches R -- ( r n l p ) l / 3 .  

Our objective is not an accurate result but an 
clstimate. An estimate may ignore numerical 
c:oefficients not very much different from unity. 
So let us consider R as the specific size of a body, 
regardless of its shape for the time being. 

The free fall acceleration on the surface of 
41 celestial body can be estimated as g-- GmIR2 - 
Gm1/3p2/3. I t  is directed approximately to the 
I)ody's center of mass. Estimate now the pressure 
produced in its central part under the action of 
its own weight. As you know, the pressure pro- 
duced by a homogeneous column with height R 
in the field of gravity g is p = pgR. In  our case 
lhe acceleration changes along,  the radius and 
lhis formula becomes inaccurate, but quite 
rlpplicable for an estimate. Thus, pressure inside 
11 celestial body equals, by the order of magni- 
tude, 

1' -- pgR - Gm2/3p4/3. 

Pressure compressing a material from all sides 
does not destroy it. However, if the body's shape 
is irregular, i.e. nonspherical, shear stresses are 
induced in  i t  by gravity. Stress is a physical 
term describing the distribution of internal forces 
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in a material. Pressure is also a stress but sucl 
that  the forces applied to each point of a bod: 
act on the given point uniformly from all sides 
i.e. isotropically. In addition to the pressure 
the tension of the uniform compression (Fig. 18a) 

Fig. 18. Stresses in a solid body: (a) pressure or comprc 
sion from all sides; ( b )  shear and pressure; (c) aimF 
shear or torsion. 

a shear stress is also possible. The latter occu 
in a situation when the forces are exerted 
indicated in Fig. 18b, c. 

In liquids or gases shear stresses produce cu 
rents. Therefore the familiar to you Pascal's pri 
ciple holds true for liquids and gases a t  re 
since tensions are isotropic in  such a mediui 
Solid bodies elastically resist shear stress. TI 
is why the existence of arbitrary shaped sol 
bodies is possible, which concerns not on 
celestial bodies since there are shear stresses r 
most in any solid body. If the form of a celesti 
body is other than the sphere, shear stresses 
i t  are of the same order of magnitude as pressu~ 
a N p. N Gm2/3p4/3. 

Solld bodies resist shear stress elastically 
some limit, which depends on the material. TI 
limit is either the shear strength for brittle bodi 
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which crack or crumble, or the yield strength 
lor plastic materials. In  either case, there is an 
ultimate strength for all solids. Let us designate 
i t  by a,. When the stress exceeds a, the body 
changes its form irreversibly. 

Therefore the condition a - a, provides an 
ostimate for the critical mass mcr and critical size 
I$, above which celestial bodies may only 
have a shape approaching the sphere. Here are 
the formulas for the critical mass and size: 

Estimates for some cosmic and terrestrial mate- 
rials are given in Table 4.  

Table 4 
Maximum Masses and Dimensions of Shapeless Solid 
Celestial Bodies 

Lunar i Ice 1 r m k  1 Granite 1 Iron 1 
I I I I 

Density 
(103 kg/m3) 

Ultimate 
strength (Nfm2) 

Mass m c r  (k ) 
Radius R ,  &m) 

The dimensions of all  the planets of the solar 
nystem are by far larger than critical and they 
1111 are, in fact, spheres. Yet Phobos, the satellite 
of Mars, looks like a potato sized 14 x 11.5 x 
10 km which is less than critical. Amalthea, 



Our Planet-the Eart Chapter 2. Mobile Firmament of Heavenly Bodies 83 I 
a moon of Jupiter, is 265 km long and mere 150 k 
wide. One more example of a body of near-critic 
size is given by Mimas, a moon of Saturn. Th 
is a sphere 390 km in diameter with mass 3 
l O l 9  kg and mean density approaching th 
of water ice. Yet its spherical surface is distort 
by a deep crater 130 km in diameter which 
a probable result of some other body's fall. 

I t  is clear that on celestial bodies with m 
approaching the critical, height of mountal 
should be comparable to the radius of the bod 
And what is the ultimate height of mountai 
on large solid planets? 

A steep mountain is also subject to shear stress 
Let a mountain with density p be a cone 
height h. In  this case the mean pressure on 
base equals p = pghl3. If steepness exceeds 
shear stress in some areas inside the mount 
reaches pressure p. If the latter is related to 
ultimate strength a,, we get a formula to es 
mate the maximum height of mountains 
planets: 

The ultimate height of the Earth's 
mountains assessed by this formula is 
Assuming that  the rocks on other plane 
the same characteristics, we get that  
cannot accommodate a mountain higher 
13 km, Mars and Mercury dictate a 30 km limi 

Compare the above estimate with the act 
data about the highest points of planets: 
Earth's Everest is 9 km high, Maxwell volc 
on Venus is 12 km high; Arsia Mons and Olymp 

Mons volcanoes are the highest mountains on 
Mars with the height respectively 27 and 24 km. 

You see that  surface deflections from the average 
depend essentially on the free fall acceleration 
on planets, the height of mountains being insig- 
nificant compared to their radii. Therefore, the 

Fig. 19. Equilibrium form of a rotating planet. Normal 
to the surface is directed along the vector sum of gravita- 
tional and centrifugal ameleration. 

shapes of giant planets as well as of solid terres- 
trial-type bodies approach their stable, equilib- 
rium state. Consider now the effects of rotation 
on the shapes of planets. 

If a planet of size R ,  which is larger than crit- 
ical, rotates, i ts equilibrium form is not an 
ideal sphere but a sphere flattened a t  the poles. 
The radius of equator Req  of the rotating planet 
is greater than the distance from the center to 
the pole RPo1. Figure 19 indicates that a stable 
shape of a planet is characterized by the perpen- 
dicularity of its surface to the vector sum of 
gravitational and centrifugal accelerations at  any 
point. The ratio of these values 02Rlg = 
w2R3/mG is a major factor determining the 
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shape of a rotating planet. I t  turns out tha t  
a planet's oblateness, i.e. a relative deviation of 
its surface from the spheric form, approaches the 
ratio of accelerations 

Req-Ryol o2R3 x- 
R w mG ' 

Check this statement against Table 5. I t  is clear 
that  this primitive formula provides an accepta- 
ble agreement between estimates and actual flat- 
tening of planets. 

Table 5 

Periods of Rotation and Oblateness of Planets 

According to the accurate theory of liquid 
sphere equilibrium the Earth's compression is 
11299.67 while its actual oblateness equals 
11298.26. This exceeds the calculated value, 
therefore i t  corresponds to a higher velocity of 
the Earth's rotation: 1.002 ma. This was the 
velocity of the Earth's rotation 10 million years 
ago. I n  such a long time the internal terrestrial 
rocks "flow over'' to a new equilibrium state, 
This is the time i t  takes the Earth to tune i ts  
shape to rotation. 

Thus the Earth approaches the equilibrium 
shape. Amazingly, the Earth's surface is divided 
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11298 
1/190 
1/15 
119.5 

into continents and oceans with distinct borders 
between them. The continents rise above the 
ocean bottom by 4 to 5 kilometers. An individual 
mountain tha t  high would not surprise anybody 
but the area of continents is enormous: 30% of 
the Earth's entire surface. Though oceanic depres- 
sions are filled with water but water density is 
twice or thrice lower than tha t  of rocks, there- 
fore water cannot compensate the pressure they 
produce by all these five kilometers of solidity. 
Why do the continents fail to submerse then? 
Terrestrial rocks are sufficiently pliable. Assum- 
ingly, the Earth's surface should sooner or later 
become smoother but for some reason this does 
not happen. Is  there any explanation for that? 

The matter is that  continents actually float. 
The Earth's crust is composed of two major types 
of rock: basalts and granites. These are covered 
by a layer of sedimentary rocks with a lower 
density. The density of basalts is higher than tha t  
of granites a t  similar temperature and pressure. 
Five-kilometer thick continental mass floats on 
granite "cushions" the thickness of which varies 
between fifteen and twenty kilometers. The 
granite and basalt are underlied by the Earth's 
mantle composed of even denser rocks. The 
actual composition of the mantle is so far un- 
known since we are still failing to drill the 
Earth's crust that deep. 

The continents float but only from the hydro- 
static point of view. They also transit in relation 
to one another together with adjoining areas of 
oceanic crust. Continents move by several centi- 
meters per year. The striking similarity of Afri- 
can and South-American coastlines is not acci- 

Earth 
Mars 
Jupiter 
Saturn 

86 164 
88643 
35430 
36840 

6.37 x l o 8  
3.39X108 
7.14X lo7  
6.03X107 

11289 
11220 
1/11 
116 
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dental: about 200 million years ago these conti- 
nents were a unified whole. The opposite coasts 
of Atlantic Ocean, which is in fact a widening 
gap between these continents, also have similar 
geological structures. . 

About 100 million years ago Australia was 
integrated with Antarctica. The center of that  
parent continent was positioned, however, not at  
the South Pole but approximately in latitude 60" 
South. Bones of the ancestors of marsupials, 
which now live only in Australia, were found 
in Antarctica. 

The hypothesis of continental drift was origi- 
nated by a German geophysicist A. Wegener as 
early as 1912. For many years the hypothesis 
was considered groundless. I t  revived only in 
the 60s but as a theory supported by various 
evidence about the structure of the ocean floor. 
This theory is called global tectonics, or tectonics 
of plates. The basic principle of this theory reads 
that  i t  is not the continents that  move but plates, 
large areas of the Earth's crust including both 
continents and adjoining sections of the ocean 
floor. There are six major plates: Euroasiatic, Af- 
rican, Antarctic, Indo-Australian, American, and 
Pacific. Several minor plates are positioned 
between them and move to  some extent inde- 
pendently. 

At some boundaries of plates a new crust 
is being formed. All these boundaries are situ- 
ated in oceans. For example, the mid-Atlantic 
ridge runs the length of the Atlantic Ocean. The 
Earth's crust builds up towards American plate 
on the one side and towards African and Euroasi- 
atic plates on the other side, There are bovnda- 
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ries where plates collide. In  this case one of 
Lhem submerges under the other, which is hap- 
pening in Far  East where the Pacific plate sub- 
merges under the Euroasiatic plate. 

The new crust's birth being a relatively quiet 
ovent, the old crust's burial is attended by heavy 
oarthquakes and volcanic eruptions. Earthquakes 
are caused by friction on the boundaries of the 
plates moving together. Accumulated shear 
stresses exceed periodically the ultimate strength 
of rocks and this results in powerful tremors of the 
Earth's crust. Volcanic eruptions result from 
Lhe heating of the sedimentary layer of the 
submerging plate. The heating originates chemi- 
cal reactions and gaseous products, mainly water 
vapor and carbon dioxide, rise to the surface. 
The outlet of gases forms a volcanic chain along 
Lhe bound'ary of colliding plates. 

Unfortunately, this book does not have all 
Lhat space required for a detailed discussion of 
these, most interesting, natural phenomena. Thus, 
we shall l imit ourselves only to  the source of 
onergy of tectonic phenomena. 

Geological processes are accompanied by differ- 
ontiation, a separation of matter in the gravita- 
1,ional field: rocks with higher density mainly 
descend while the lighter move upwards. Thus, 
forces applied to blocks of individual rocks are 
identical t o  Archimedean forces in liquids, while 
Lhe energy, which is eventually responsible for 
Lhe mobility of the Earth's material, is a poten- 
Lial energy of masses with different chemical 
c-omposition in the field of gravity. This energy 
is released in the form of heat in the course of 
lectonic phenomena, 
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the center of mass of the Earth-Moon sys 
When we discussed the Earth's orbit, i t  wa 
orbit of the center of mass, or the Earth's 
averaged over monthly variations, which 
actually meant. I t  is easy to find out tha 
amplitude of the Earth's deviations from 
average orbit caused by the lunar attraction 
equals aamaIm9 = 4700 km. The trajectory of 
this planet arodnd the Sun is slightly corrugated. 
Each full moon, when the Sun and the Moon are 
positioned at  the opposite sides of the Earth, 
are by 1.5 terrestrial radii closer to the Sun t 
at  the nearest new moon. These 
tions are however much less than 
tions in the distance to the Sun caused 
eccentricity of the Earth's orbit. 
t sn t  for the accurate astronomical obser 
of the solar system bodies. Other significa 
ical effects of the Earth's corrugated m 
unknown. Yet the interaction between t 
' motion and the Earth's rotation yiel 

effects significant both for their daily 
tion and for the history of our planet. 

Let us start with a qualitative expl 
the precession of the axis of rotati0 
Newton knew that the Moon was to 2aa tan i, where i = 5'9' which is the mean 
of precession. The precession inclination of the lunar orbit to  the plane of 
nonuniform gravitation of the equatori 
ing of the Earth's shape to the Moon. 

The lunar orbit can be considered e 
in a rough approximation. The plane 
orbit and the direction to perihelion c 
fast with periods of several decade 
action of the Sun and planets. As y 
the period of precession is by far lo 
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then easier to see the direction of this act 
The Earth is just slightly flattened, by mere 
three-hundredth, but i t  is sufficient for the a t t  
tion by the doughnut of the equatorial broade 
of the Earth's shape to produce a pair of f 
i.e. the moment of forces. I t  tries to tur  
Earth so that  the equator would coincide 
the plane of ecliptic and the axis of ro 
would coincide with that  of the doughnut of lu  
orbits. 

The laws of mechanics of a rotating body 
rather complicated. You know that  a whir 
top behaves quite differently from a nonrotat 
top: instead of falling aside i t  persists in r 
tion while the top's axis of rotation preces 
i.e. describes a cone. Just  in the same way 
Earth's axis does not immediately take a s ta  
position. I t  precesses around the perpendicu 
to the ecliptic. Those who are familiar with t 
dynamics of a rotating body can easily trans 
all  these speculations into the language of 
merical estimations and work out an expres 
of the Earth's period of precession: 

The assessment agrees rather well with the t r  
value. 

If there were no Moon, the axis of rotation wou 
precess just the same under the similar act 
the Sun and planets but the period of prec 
in such a case would be about a hundred 
sand years. The total action of the solar sys 
causes not only a precession with a constant an 
of inclination but also a slow change in 
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very angle of inclination E of the axis of rotation 
l o  the ecliptic. The results of accurate calcula- 
lions of the future alterations of value E are given 
111 Fig. 21. The character of past alterations of 
the angle of inclination E was the same: the major 
poriod of its variations is 41 thousand years, 
while that  of the envelope of amplitudes is two 
hundred thousand years. These minor changes in 

I I I I I I I 
0 100 200 300 t. thousand years 

Fig. 21. Variations of the slope of the axis of the Earth 
111 the future 400 thousand years. 

l l~e  inclination of the axis of rotation to the plane 
of ecliptic are responsible for climatic alterations 
on the Earth which we shall discuss in the final 
nuction of this  book. 

The most apparent consequence of the close 
vicinity of a large satellite is certainly not pre- 
cession but tides and ebbs. Twice a day, actually 
overy 12 hours 25 minutes, the level of water in 
the seas rises by approximately one meter, and 
11 quarter of a day later the sea retires. Tides and 
chbs are an  obvious demonstration of minor 
tlistortions of the Earth's shape under the influ- 
unce of the lunar attraction. Why then is the 
ltiajor period of tides equal to approximately 
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half a day? Each point of the Earth in the co llian that  of the Earth's crust, respond more active- 
of rotation approaches the Moon with a pe ly to the tidal action than the land does. In  

high seas, however, the height of tides is merely 
( P 3 -  T-')-' = 24 hours 50 minutes a ribout half a meter. 
which is twice longer than that  of tides. So w The observable height of tides increases 

significantly near coasts. The highest tides take 
is the cause of two tidal humps running 0 place in contracting gulfs and shallow seas rotating Earth? 

The lunar force of attraction, as you rem such as the Bering Sea and the Sea of Okhotsk 
causes the Earth's motion around the 
Moon center of mass with 
Gmalak. However, i t  acts upon 
located on the Earth nearer to 
a force Gmma/(ac - Ra)' and 
located on the opposlte side of the Earth, 
a force Gmmal(aa + Re)'. The result is 
the first body should accelerate faster 
second body slower than the Earth doe 
average. Therefore the tidal hump on the s 
of the Earth turned to the Moon results from 
own intensified attraction while that  on 
site side stems from the fact that  the Earth gr a rotating planet and its 
itation is stronger on the average than 
gravitation of its farther side. These humps 
sketched in Fig. 22. which absorb the energy of Pacific tides. In  gener- 

The above discussion allows n l ,  sea tides are especially high in latitudes 

distortion of the Earth's shape cp = 50' North and South. Tidal humps move 

of the lunar  attraction as follows: the h lhere over the Earth's surface a t  a speed of 

of the tide equals, by the order of magni oaRe cos cp N 290 mls. This speed approxi- 
mates the velocity of propagation of the longest 
oceanic waves. Thus, tides seem to be transport- 

S R ~  - R@% ( + ) 3  - 0.36 m. 
me cd by oceanic waves and amplified on the way. 

The greatest difference between high and low 
Such estimate of the height of tides on the water was registered in the Bay of Fundy, Canada, 
is more or less true for a solid shell, the Eart in latitude 45" North, where i t  reached 16.3 me- 
crust. Yet oceans, the density of which i 
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Sea tides are most apparent to us but  one 

should not forget tha t  the tidal action distorts the 
Earth's atmosphere as well: the atmosphere 
also slightly protracts towards the Moon and in 
the opposite direction. However, this atmospher- 
ic protraction causes alterations of atmospheric 
pressure near the surface of the Earth which are 
negligible compared to deviations from the  
average caused by weather changes. 

Tides on the Earth are caused not only by the  
Moon but also by the Sun. The height of a solar 
tide can be estimated in  the same way as tha t  of 
the lunar: 

6 ~ 2 ) -  R ~ B  (2)3 - 0.16 m. 
me 

I t  is thus clear that the Sun's influence on t h  
tides is twice weaker than tha t  of the Moon. Th 

, height of tides reaches its maximum when t h  
solar and lunar actions overlap. I t  is cle 
tha t  such a situation is possible a t  full moo 
and a t  new moon when the Sun, the Earth, 
the Moon are positioned on one straight 1 

The lunar attraction causes tides on the E a  
But does the Earth cause tides on the Moon 
Estimate the distortion of the Moon's shape du 
to terrestrial gravitation: 

R~ 3 - 1 3  m. 6 R u  - R a y  a (_O 
We shall return to the Moon's shape a little later 
i t  is distorted much more than by a mere doze 
meters. 

There is one more and important effect of t 
close vicinity of a large satellite. No other bo 
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in the solar system experiences presently such 
11 strong influence as the Earth does: the Moon 
1)rakes the rotation of this planet! 

Look again a t  Fig. 22. The angular velocity of 
llle Earth's rotation is greater than tha t  of the 
Moon's revolution around the planet. Therefore 
llle Earth's rotation slightly drags the tidal humps. 
'l'he humps appear not exactly on the straight 
line between the Earth and the Moon, they are 
 lightly turned in the direction of the Earth's 
rotation. This angle of drag is assessed a t  2'. 
This displacement brings about the asymmetry 
of the gravitation of tidal humps to the Moon 
which generates a minor moment of forces decele- 
rating the Earth's rotation. Calculations indicate 
ltlat the Earth's angular velocity should decrease 
by 2 X 10-lo of its magnitude per year. Conse- 
quently: the length of the day should increase 
oach year by 2 x s. Is  there an experiment 
lo register such a weak deceleration of rotation? 

The relative accuracy of the modern atomic 
clock is 10-14, i.e. i ts  measuring error does not 
oxceed 3 X s per year. However, a direct 
rrieasurement of the secular deceleration of the 
Earth's rotation is hindered by significant season- 
al fluctuations of the velocity of rotation result- 
ing mainly from atmospheric winds. The mass 
of the atmosphere accounts for of the Earth's 
mass. Since atmosphere has no rigid connection 
with the solid part of the Earth, its rotation is 
partially independent. Therefore seasonal winds 
(monsoons) account for the Earth's sidereal day 
being by several ten-thousandths longer in April 
lhan in August. Thus, i t  is difficult to measure 
c~ccurately a weak constant deceleration of rota- 
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tion against the background of such fluctuatio 
However, the first measurements of the secu 

deceleration of rotation were made when the ato 
ic clock, was not yet available. The hand 
given by the Moon itself or rather by the 
eclipses which i t  causes. To understand the 
we have to consider the angle of the Earth's 
ling behind due to deceleration of rotation 
the period of, say, t =' 2000 years = 6.31 
101° s. Let the ,value of deceleration be -; 
4.81 x s - ~  which is the most accura 
according to modern data. Similarly to the f 
mula of the path in uniformly retarded motion 

get the value of the angle of lag 6 = - o t 2 / 2  
55". This is the angle of the Earth's turn 
3.5 hours. 

If we assume now that  the velocity of the Earth 
rotation is constant and calculate back the ch 
acteristics of the ancient total solar eclipses 
would arrive at the conclusion that those ecli 
should have been observed by several dozens 
grees farther westwards from the points wh 
they had been actbally observed. I t  was that  v 
information on several solar eclipses which h 
taken place in B.C. times which allowed to ma 
first estimates of the secular deceleration of t 
Earth's rotation. 

The moment of forces decelerating the Earth 
originated by the Moon. At the same time 
increases the orbital moment of momentum of 
Moon. Consider again Fig. 22: the tidal hump 
the Earth drag the Moon. Due to this action 
Moon slowly *moves away from the Earth. 
average distance between them increases 

: I  cm per year. I t  should be noted that the specific 
time of the evolution of the Earth-Moon system is 
of the same order of magnitude as the age of the 
nolar system. 

We do not know yet how the Moon was actually 
lormed. However, i t  was certainly closer to the 
15nrth in the past. Let us consider its shape from 
t l~is  point of view. The trajectories of the man- 
~nnde satellites of the Moon have demonstrated 
Itlilt the center of mass of the Moon is shifted 
from its geometrical center towards the Earth by 
2 or 3 kilometers and not by a dozen meters as 
rclquired by the present equilibrium. This distor- 
tion of Moon's shape approached the equilibri- 
Ilm, when the Moon was positioned by 5 to 6 times 
rloser to the Earth than i t  is today. 

It  is possible that  billions of years ago power- 
f111 tidal forces had turned the Moon to face the 
Ihrth for ever by one side and Moon's body had 
"~nemorized" the great tide of that  time. Note that  
the present shape of the Earth corresponds to its 
pist velocity of rotation. But  the Earth's "memo- 
ry" is shorter: ':merelyv 10 million years. 

The deceleration of the Earth's rotation alters 
Its equilibrium shape from flattened at  the 
poles to a more sphere-like one. This means that  
the mass should transit from equatorial areas to 
higher latitudes. However, the estimate of mass 
flow demonstrates that  i t  is irrelevant compared 
l,o mass flow observed in the course of continen- 
1111 drift of the plates. 

The kinetic energy of rotation decreases with 
the deceleration of the Earth's rotation. This 
rc~siilts directly from the friction of tidal currents 
n~ninst  the floor of seas and oceans. The shallower 
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the sea and the larger the surface over which t h  
tidal wave was accelerating, the more intensiv 
the release of the tidal energy. The highe 
efficiency is observed in the shoals of the Beri 
Sea and the Sea of Okhotsk, the two of wh 
account for a quarter of the total power of t i  
of the World Ocean. 

Let us estimate this power. The kinetic energ 
of the Earth's rotation equals 

1 K = 0.33 m,R&o% 

(the factor 0.33 is determined by the distributi 
of masses inside the planet: the density in t 
center is 2.4 times higher than the average densi 
of the Earth). The rate of decrease of this kinet 
energy, i.e. 

IKI =0.33mBR&ct@ 1 0 1  =2.8 x 10i2 W, 

is the power which the tides take away from t h  
Earth's rotation. A part of this power equal t 
the ratio of the periods of the Earth's rotati 
and the Moon's revolution (1127.3 = 3.7 
i.e. 1011 W) is spent on the increase of the Moo 
total energy in its motion away from the Ear 
The major part of the tidal power is released 
the form of heat in bottom currents in shoa 

The thermal power released by tides is presen 
ly insignificant compared to the energy wh 
the Earth receives from the Sun. But in the p 
when the Moon was closer to the Earth and t 
planet rotated faster, tides could have be 
making a significant contribution to the heat ba 
ance of the Earth's surface. 
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fi. Why the Interior of Planets Is Hot? 

11 has been found out in the course of drilling 
I)oreholes and tunnels that  the temperature of 
rocks increases with depth. This temperature 
rise is not constant and depends on the place where 
the holes are bored. The average increase approx- 
imates 30" per kilometer of immersion. Unfortu- 
nately, the accurate temperature data are avail- 
able only for a thin layer of the Earth's surface 
since the deepest borehole has so far reached 
only 12 km, i.e. merely 0.2% of the Earth's radi- 
us. Nevertheless we can be sure that the tempera- 
ture increase continues still lower. This is true 
because the heat flow, i.e. the power coming from 
the interior, almost does not change with depth. 
llet us estimate it. 

The thermal conductivity of basalt can be 
umployed for an assessment ( x  = 2 J1m.s.K). 
'Fo find the heat flow over the entire Earth's sur- 
l ~ c e  (4rcR&), i t  should be multiplied by the 
thermal conductivity x and temperature gradient 
(dTldz = 0.03 Klm). The heat flow will be 

What is the cause and source of this flow of 
unergy? One of the causes is energy release due 
to radioactivity. I t  is known that  rocks contain 
n small but appreciable admixture of uranium. 
Its share is most significant in granites where 
it reaches several millionths of mass. The most 
common isotope of uranium is 23sU, which is 
the major contributor to the heat released by rocks. 
Each act of uranium decay liberates an a-particle 
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with the energy equal to 4.2 MeV. After flyi 
about 10 pm i t  stops and transfers all its ener 
to surrounding rock thereby heating it. T 
half-life of 238U equals 4.5 x lo0 years. Hence 1 

is easy to find out that  energy release of pu 
uranium is 1.8 x iOL5 W/kg and granite 
which uranium accounts for in mass, releas 
heat at  the rate of 5 >( W/m3. 

A layer of granite about 20 km thick lies unde 
the continents. If there were no change in tlr 
nium concentration with depth, i t  would sl 
a significant share of the heat flow from the de 
Hence comes a strong temptation to explai 
total heat flow by the energy release assuml 
that uranium is present everywhere dowc to t 
depths of several thousand kilometers althoug 
its concentration is lower than in granite. 

But most likely i t  is not so. Firstly, the he 
flow under the bottom of the oceans turned out 
be the same as in the continents, although there 
no granite there, and the content of uraniu 
basalts is lower by the order of magnitude. 
ondly, there is an amazing coincidence: all 
elements which have long-living radioactlv 
isotopes (uranillm, potassium, thorium, and stro 
tiunl) are in compounds (in the state of ch 
equilibrium with rocks) easily soluble in 
This means that  in the course of rock evo 
they were migrating with water and no 
concentration can be significant only in roc 
containing free or crystal water. This limits t 
depth of propagation of long-living radioacti 
isotopes by the same 15 to 20 km. 

Thirdly, the principal reason for the 11nso11n 
ness of the radioactive liypothesis consists in t h  
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there is another powerful source of the thermal 
onergy of planet interiors: the gravitational. 
'Phis source stems from the times in the very 
heginning af the history of the Earth and planets 
when they were only forming. The formation of 
planets was accompanied by collisions, mutual 
haking, and amalgamations of minor celestial 
bodies. For brevity all such celestial bodies, from 
cosmic specks of dust to minor planets, will be 
referred to as asteroids. The scars left from the 
times when the planets were forming can be seen 
oven by a naked eye on the Moon's surface. These 
rlre lunar seas: circular lowlands with a diame- 
ter reaching a quarter of the Moon's disk and 
lilled by dark basalt lavas. The seas are in fact 
the marks left by impacts of large asteroids with 
tlimensions of dozens kilometers ,with which the 
Moon collided about 4 billion years ago. 

The lunar seas are underlied by high-density 
layers resulting from the shock compression of 
rocks by falling asteroids. These high-density 
layers are called "mascons" (the term is an abbre- 
viation of "massive concentration"). The largest 
of mascons reach by mass of the Moon's 
mass being positioned at  the depth of 50 km 
under its surface. These very mascons, by the 
way, make i t  impossible to launch a satellite 
with a service life longer than five years into the 
Moon's orbit since satellite's stability is adverse- 
ly affected by the gravitational field of the Earth 
and low orbits are unstable because of mascons: 
their perilune gradually slides down to a tangency 
with the Moon's surface. 

A process to some extent similar to that  grav- 
itational retardation of the satellite could prob- 
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ably have taken place a t  the initial and princ 
pal stage of the formation of planets and the 
itself. There was a swarm of celestial bodies, a 
tem of gravitationally connected asteroids, 
of which were like satellites of one another. 
gravitational field of such a system is inhomo 
neous with every body moving in  chaotic pot 
tial and gradually spending energy on multi 
tidal interactions. The swarm was progressiv 
compressing and catching by the same gravita 
onal retardation foreign asteroids, which we 
flying through and by the system. The capti 
became member-satellites thereby increasing 
mass of the swarm. Unfortunately, all these 
cesses are so complicated and versatile th  
have so far failed to calculate the entire process o 
the formation of planets from the start to the en 

Such an amalgamation of a swarm of bodi 
into a planet cannot be strictly separated fro 
the increase in its mass due to direct collision 
with asteroids. The amalgamation of gravita 
tionally connected bodies is finished by a 
bardment of a young planet's surface. 
very bombardment left its traces on the 
faces of the Moon, Mercury, and Mars. 

As regards the Earth, there are no mascons 
craters, as old as those of the Moon, on 
planet. The Earth's surface is continuo 
renovated by the drift of continental plates 
the active atmosphere and oceans do not 
much time to wash away or erode craters. T 
possibility to locate about a hundred of heavil 
time-smoothed circular structures-up to a hu 
dred kilometers in  diameter-was given on 
recently by contrast photos taken from spac 
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With a lesser confidence can we claim a connec- 
tion between asteroid impacts and such circular 
rrtructures as a formation 240 kilometers in dia- 
meter and 800 meters deep in Antarctica, in 
Wilkes Land, and a formation 440 km in diame- 
tar on the eastern coast of Hudson Bay, the half 
of which can be seen in geographical maps. The 
 rea ate st easily detectable crater is located in 
Arizona, USA. I t  is 1265 m in diameter and 
175 m deep and was formed merely 25 to 30 thou- 
~ n n d  years ago as a result of the fall of a body 
with a mass of approximately 2 x lo9 kg. 

The velocities with which celestial bodies fall 
to the Earth are always higher than the escape 
velocity (i.e. 11 kmls) and approach, generally, 
20 kmls which is little less than the orbital 
velocity of the Earth. This is due to the fact 
that the majority of asteroids, which have a chance 
of colliding with the Earth, are moving in the 
Name direction and by an orbit more elongat- 
(ad than that  of the Earth. I t  is a rare thing 
lliat the velocity of a body entering the Earth's 
~~tmosphere may reach 53 km/s which is possible 
only in the case of collisions with comets. If 
the velocity is that  high, the nuclei of comets do 
11ot reach the Earth's surface and burn completely 
i n  the atmosphere. 

In the collision of an asteroid with a planet 
t,lie major portion of its kinetic energy is spent 
on the retardation in the atmosphere, heating of 
rocks in the impact point, and ejection of rocks 
from the crater. The mass of a material ejected 
from the crater exceeds the mass of the asteroid by 
a factor of one to three hundred and the velocities 
of individual drops of melted rocks thrown out of 
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the crater may reach several kilometers per sec 
ond. We can estimate the magnitude of this veloci 
t y  'with the  help of several meteorites which 
rather unexpectedly found on the Earth 
infallibly identified as lunar rocks. Their 1 
origin means that  they were ejected with 
i ty higher than 2.4 kmls, the lunar escape veloc 
ity, from a crater formed on the Moon, 
i t ,  and became the Earth's satellites to fall 
probably after a long period of time- 
Earth. 

The total irrevocable loss of mass due to t h  
splitting of asteroids into fine particles can 
extremely great, up to a total disintegration 
colliding bodies if their masses are close and t 
velocity of collision is high. The shell and inte 
nal parts of large asteroids may differ significan 
ly b y  chemical composition. Therefore catastro 
ic collisions of asteroids may to some e 
account for the diversity of the chemical 
position and crys ta l l i~e  structure of meteor1 
which get to the Earth. 

The rare celestial visitors, C-type carbonaceo 
meteorites, are considered the initial material 
the solar system which has not been transform 
in collisions. Their chemical composition 
lar in proportions to tha t  of the Sun exclu 
volatile noble gases and hydrogen. Amo 
things they contain up to 20% of water in 
line form, several per cent of carbon and s 
A slight heating removes water from the 
meteorites and leaves a material containing 
of ferric oxide (FeO), 33% of silicon o 
(SiO,), 23% of magnesium oxide (MgO). 
very elements but in different proportions 
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111ir1e the composition of other meteorites, aste- 
roids; and planets of the terrestrial group. 

The most common meteorites are stone meteo- 
rites, the so-called chondrites. Their silicate struc- 
Illre contains chondri, the grains with the dia- 
~ ~ ~ c t e r  of several millimeters. We have failed so 
I'nr to achieve such a crystallization in laboratory 
rsonditions on Earth. The chondrites are some- 
l irnes impregnated with the alloy of iron and 
11icke1. Their share varies, but the contents of 
iron is usually less than in heated C-type meteo- 
ri Les. 

Finally, the third type of meteoiites are stony- 
iron meteorites. The major component of these 
~~lr?teorites, in  cdntrast to the above-mentioned, 
is an iron-nickel alloy and stone impregnations 
ure just a hardened melt without a chondral 
s Lructure. 

The most natural (although exposed to objec- 
l ions) hypothesis is tha t  iron and stony-iron me- 
I(1nrites were born in cataclysmic collisions of as- 
teroids, i.e. formed from their central parts which 
I~nd enriched them with heavy iron; stone meteo- 
rites are splits of the upper layers of asteroids 
~lnd minor planets chopped off in weak collisions. 

In the collisions of bodies significantly differ- 
(111t in mass-such as a small asteroid and an 
r~rnbryo of a planet-the mass of lost splits is 
~rnt great and the kinetic energy of collision is 
rcleased mainly near the larger body. The mate- 
rial ejected by the impact is dispersed in the 
vicinity of the crater heating the surface of the 
planet by secondary hits. This energy is further 
transported-at rather high rate-back to the 
space by the thermal radiation. The formation of 
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mascons, the packings a t  significant depths, 
caused only by falls of large asteroids but ev 
in that  case the portion of energy released de 
into interior is insignificant compared to t 
energy heating the surface of the prototyp 
planet. 

At first sight this should mean that  when a 
et is being formed of asteroids its interior 
remain cold. I t  may seem to suffice there 
that  the surface could cool down in the t i  
interval between the formation of neighbourin 
craters. But this is so only a t  first sight. 

Each collisior~ increases the mass of 
embryo. As soon as i t  would exceed 
mass, more than loz0 kg (cf. Table 
totype planet would star t  to turn spher 
the action of gravitation. The material 
center of the sphere is being inelasti 
densed while the gravitational en 
entire planet decreases and the exc 
is released in the form of heat directly in 
interiors. The heating induces a p 
and starts chemical reactions. Th 
containing minerals submerge in the 
the center while the lighter silicate compone 
are displaced upwards to the mantle-shell 
gases, both produced by heating and 
previously impregnated in minerals, are 
sively released. This gravitational diff 
of the material liberates thermal e 
greater than the energy of simple compres 
If the mass of the protoplanet rea 
mately 1OZ8 kg, the liberated e 
to melt or soften the majority of m 
tained in carbonaceous chondrites. 
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If the final mass distribution of a planet is 
known, the total gravitational energy released 
when the planet was formed of minor bodies, the 
remote asteroids, can be calculated. The gravita- 
tional energy is negative. Therefore i t  is logically 
onsier to calculate the energy required for a dis- 
lritegration of the ready planet into small parts. 
A breaking away of a minor mass Am from a plan- 
cbt with mass m and radius R requires the energy 
uqual to GmAmlR. This very energy should be 
calculated by gradually decreasing the values of 
rnass and radius. 

The present distribution of masses inside the 
Earth is known sufficiently well from seismic 
data, the times of sound propagation by various 
trajectories inside the Earth. There is a solid 
sphere a t  the planet's center with the radius of 
1217 km and density of about 13 g/cm3. Further 
upwards the planet's material is melted up to 
the radius of 3486 km. To this fact testifies 
the observation that  only longitudinal sound 
waves pass through this area and the transverse 
waves fail to propagate. The density of this melt 
falls gradually from 12.1 to 9.9 g/cm3. The 
material becomes solid a t  the outer boundary of 
the liquid nucleus and density falls down abrupt- 
ly to 5.5 g/cm3. The density decreases further 
evenly or by small jumps to reach the average 
2.7 g/cm3 on the Earth's surface. If we assume 
that the central solid nucleus is composed of iron 
nnd the melt is made up by iron oxide FeO and 
iron sulfide FeS, the Earth's chemical composi- 
tion will be similar on the average to that  of 
carbonaceous chondrites. 

The calculation of the Earth's total gravita- 
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tional energy on the basis of this distributio Is i t  much or little? To answer this question 
yields wc have to decide whether this energy would 

Gm& - nuffice to melt the Earth's nucleus consisting, Ee =0.388 -- - 1.45 x J. 
Re rrssumingly, of ferric oxide. An assessment of 

the energy required for melting is no easy task 
The same amount of thermal energy, but wit nince melting points and specific energies of 
the positive sign, was released in the course t~lelting of all substances rise with pressure. 
the Earth's formation. Nevertheless a rough estimate of the calculated 

However, as i t  was mentioned above, not a value is approximately twice higher than the 
that energy is liberated in the depths. A conside present store of the thermal energy contained 
able portion of i t  remains on the protoplanet i n  the melted and heated to 3000 to 4000 K nu- 
surface after impacts of asteroids arid is irradiat cleus of the Earth and its colder solid mantle. 
into space by thermal radiation. TO find t The thermal energy ~f 5 x 103' J had certainly 
radiated share of the Earth's total gravitatio heen liberated inside the Earth not momentarily. 
energy, calculate the gravitational energy of 'The gravitational differentiation moves masses 
imaginary planet with equal mass but compos of different chemical composition to distances 
of incompressible material. We assume that  t romparable to the Earth's radius and this takes 
total gravitational energy liberated during lime. The differentiation is slowly proceeding 
formation of this imaginary planet can be wen nowadays, but the most intensive division 
diated into space and the interior would re of the Earth into iron nucleus and silicate mantle 
cold. The density of the imaginary planet was taking place soon after the planet's for- 
not depend on the radius since its material rnation, in the first billion years of its existence. 
incompressible. So let the density of this PI The gravitational differentiation both liber- 
be equal to that  of carbonaceous chondr nles the energy in the interior and +gives hand 
p, = 3 g/cm3. In  that  case the radius of 10 deliver i t  to the surface: light fractions rise 
imaginary Earth would be R, = (3m&~p,)'! llpwards and carry heat from the depths. This 
7800 km and its gravitational energy amounts lransport of heat and masses resulted in contin- 

!lous eruptions of a multitude of volcanoes on the 
3 Gm& E,  == -- - = 9.2 x 1031 J .  surface. Ejected gases had formed the Earth's 
10 R* initial atmosphere and lavas had shaped the 

I~asalt crust. Because of those eruptions heat 
This value should be subtracted from the tot  losses from the depths were much higher in the 
gravitational energy of the Earth Ee. The resu lirst billion years than they are now. 
would be that i t  had taken 5.3 X lo3' J to he We have estimated the present heat flow by 
the Earth's interior. heat, conduction of rocks and temperature differ- 
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ences detected in them. This, however, is no 
comprehensive assessment. In  addition to 
heat conduction there is a convective heat 
change when heated rocks rise at  the boundari 
of the plates where the new crust is being forme 
and when the cooled crust submerges at  
opposite boundaries of plates. To measure 
heat flow would be quite a difficult operat 
Assumingly, i t  is now of the same order 
magnitude as the heat conduction flow whic 
amounts to 3 x 1013 for the entire Earth. 

Rough calculations indicate that  about a 
of the total energy liberated and converted 
heat of the gravitational energy was transpo 
to the surface of the Earth already in the fir 
billion years of its existence. Hence the aver 
heat loss of the Earth's interior can be asses 
a t  approximately 1015 W. We shall see furt 
that  such a heat flow would suffice to solve 
Earth's climate paradox in  its first billio 
years, i.e. the paradox effectuated by the reduc 
luminous emittance of the Sun a t  that  time. 

So let us turn to the Sun, the principal sour 
of the energy heating the Earth. 

Chapter 3 

'I'he Sun: 
( I  Source of Energy 

I 1. First Information on the Sun 

Further description of the Earth, its atmosphere, 
oceans, and climate is impossible without a 
reference to  the principal source of energy of the 
nolar system and the major star,  the Sun. Let us 
make a brief armchair tour to the Sun, look into 
its interior, where the solar energy is born by 
a ~ ~ c l e a r  reactions. A certain preparation should 
precede any travel, even a theoretical one. For 
this travel we shall need some luggage consisting 
of preliminary knowledge of the Sun, the in- 
lormation which you may be well familiar 
with. 

As you know, the Sun is removed from the 
1Sarth to  the average' distance ag, = 1.496 x 
1011 m. From that  distance i t  looks like a 
bright disk with angular diameter slightly more 
than half a degree, more precisely, 9.3 x 
ri~dians. This being known, the Sun's radius is 
oasily calculable: Rg = 6.96 x 108 m which is 
109 times more than that  of the Earth. 

We know the mass of the Sun from the law of 
gravitation and motion of the planets: mg = 
1.99 X 1030 kg. This very law can be employed 
to find the free fall acceleration on the solar 
surface: ga = GmgIRb = 274 m/s2, which is 
rilmost thirty times more than the free fall acce- 
lcration on the Earth. Let us calculate now the 
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mean density of our star: 

3ma 
p a  = = 1.41 x lo3 kg/m3. 

4nRa 

At first sight this result may seem surprisi 
The mass of the Sun and free fall acceleration 
its surface being so great, the solar materi 
should be highly compressed, but in fact i 
mean density is slightly above that  of w 
and notably lower than the mean density of 
Earth equal to pe = 5.52 x 109 kg/ 
shall see that  the reason therefore is 
molecular mass of the solar gas and the 
temperature of solar interior. What can be s 
about the temperature of the Sun from t h  
cursory study? 

Recall the laws of the thermal radiation whi 
were treated in Chapter 1. To find the temperatu 
on the surface of the Sun one should first of 
examine the spectrum of the solar ligh 
determine what share of energy falls on the 
range of frequencies d o  for all the frequen 
the solar radiation. Consider Fig. 23a. Th 
spectrum turns out to be rather close to Planck 
spectrum of equilibrium thermal radiation a 
the temperature of the Sun's surface is Ta 
5780 K. Interestingly, a t  such a temperatu 
the maximum energy is irradiated in that sectio 
of the spectrum to which the human eye is m 
sensitive: in the wavelength range between 
and 800 nm. Is  i t  a coincidence? Hardly so 
eyes of the living beings should probably 
to the brightest section of the spectrum o 
light they live in. 

The Sun: a Source of Energy 

I ~ - g . w  (a)  
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Another experiment can also be employe of light in all directions and, consequently, such 
find the temperature of the Sun's surface. In the power of solar rays passing through each 
could measure the energy delivered in the en aq~iare meter of the entire sphere with radius a@ 

rroiind the Sun. To find the energy irradiated by 
l l~c  Sun per second, sg should be multiplied 
by the surface area of this sphere. This value is 
c~illed solar luminosity: La = 4na&sg = 
:1.83 x XOZ6 W. 

The entire flux of solar energy passes, certainly, 
not change. Hence the value sg is called ll~rough the solar surface as well. What i s  the 
solar constant. I t  is better measured from a allergy flux density there, i.e. what power is 
lite outside the Earth's atmosphere which a omitted by a square meter of the Sun's surface? 
a part of the solar radiation. The solar co Let us divide the solar luminosity by the area 
equals 1.36 X lo3 W/m2. of the Sun's surface 4nRg. The result will be 

that the radiation flux denslty, or, in other words, 
llie Sun's brightness, equals S = L6/4nR& = 
(1.29 X lo7 W/m2. 

But we know the Boltzmann principle relating 
the flux density S to the temperature of the emit- 
ting surface. Therefore, we can employ another 
n~ethod to calculate the Sun's surface tempera- 
ture. The result equals that  established with the 
help of the solar spectrum: Tg = (S/a)lI4 = 
5780 K. 

The solar spectrum, however, differs from the 
I~lackbody radiation spectrum even in that  area 
of Fig. 23a where they are shown to coincide. 
'I'his difference carries the information on the 
presence of chemical elements on the Sun. The 
matter is that  each atom has its specific and 
personal spectrum of radiation composed of 
very narrow lines. As early as a t  the beginning 
of the last century a German optician J. Fraun- 
I~ofer discovered a multitude of dark lines in the 
nolar spectrum. I t  turned out therewith that the 
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wavelengths a t  which the dark Fraunhofer crlrments are oxygen, nitrogen, and carbon. Con- 
were detected in the spectrum accurately co nider Fig. 24, demonstrating the distribution of 
pond to the spectra of chemical elements. rtlements over the entire solar system, bearing 
reason why the Fraunhofer lines are in mind that  the Sun accounts for the overwhelm- 
treated in the section discu iug part of its mass. I t  is interesting that  the 

Element's number In the p e r ~ o d ~ c  table 

surface. Consid 
and interior of 
to great depths, this very comp 
regarded approaching the avera 
of the Sun. 

The Sun has turned out to be composed, 
number of atoms, of 
helium (app. 9%),  

atom by a factor of four. Inte 
was first discovered on the Su 1 0 - ' 2 -  

its Fraunhofer spectrum, 
any other element. 0 Fig. 24. Occurrence of elements in the solar system ac- 

cording to the occurrence of hydrogen. Continuous lines 
stems from the Greek helios, sun. c:onnect elements with odd numbers, dashed lines con- 

Recall now that approximately the same m nett those with even numbers. 

portion of helium was predicted by the cosmolo 
theory of the element format 1111mber of elements with even numbers is ten 
ter 1. But the initial, prestar matter times that  of their table-neighbours with odd 
was devoid of any heavy elements w nnmbers. The qualitative nature of this depen- 
all the elements of the periodic table tience will become clear when we shall discuss 
on the Sun together with hydrogen I he mechanism of the formation of other elements 
Their total mass, however, is insig from hydrogen and helium which takes place 
than 3 % . The major "share-holders" inside the stars. 
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2. The Sun's Interior 

Why do the stars shine? Where does the imm 
energy, which the solar surface continuo 
emits, come from? What is the internal s t  
of the Sun? These questions may seem sensele 
and unanswerable since no man can visit 
Sun. Even man-made instruments cannot end 
the enormous temperatures and pressures of 
solar interior. Nevertheless, quite adequate 1 

formation is already available on many process 
taking place inside the stars and the Sun. Stran 
i t  may seem, but the fact is easily comprehe 
sible. 

The possibility to study the interior of th  
stars is provided by theory. But can one re 
upon theoretical speculations supported by t 
experience of the residents of the Earth? T 
conditions in which experiments are arrang 
on the Earth are much different from those 
real stars. The answer is that  we should try 
calculate the structure of the Sun assuming t h  
our theoretical conjectures are true. If the re 
would be reasonable and agree with observat 
i t  would mean that  major theoretical pr 
are also true in unusual conditions. Let us t r  
and see. 

We shall begin with an attempt to fin 
dependence between pressure, temperature, 
density of the material the Sun is composed 
The gas on the solar surface consists mainly 
neutral atoms since hydrogen molecules disi 
tegrate into individual atoms a t  the temper 
as high as that  on the surface of the Sun. 
we shall see that  the temperature inside 
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Sun is enormous not only by terrestrial standards, 
but also compared to the temperature of i ts  
snrface. Even a t  small depth the temperature is 
so high that  not only molecules but also atoms 
disintegrate. Electrons of atom shells break away 
from nuclei and gas turns into plasma. 

Plasma is an electrically neutral mixture of 
negatively charged electrons and positively 
charged nuclei of atoms. Experiments carried out 
on the Earth indicate tha t  plasma can be reliably 
considered as a mixture of ideal gases: the gas 
of electrons and the gas of nuclei. For the sake 
of simplicity we shall assume that  the solar 
plasma consists only of three types of particles: 
there are 9 helium nuclei per each 91 protons 
(hydrogen nuclei) and 109 electrons broken away 
from the nuclei. 

You know the Mendeleev-Clapeyron equation 
relating pressure, density, and temperature of 
;In ideal gas. Write i t  down not for the density p 
but for the concentration of particles n. The 
usual density of each individual gas is a product 
of the concentration of its particles by the mass 
of one particle m: 

One of the right-hand-side multipliers is Boltz- 
mann constant k = 1.38 x J/K.  

These equations are true for each ideal gas of 
the mixture. We do not need an equation relating 
overall pressure to overall density and temper- 
ature. The temperature of all gases in equilibrium 
is the same. The overall density is the sum of 
individual densities. The overall pressure is the 
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is practically equal to m;l and its product by 
the Boltzmann constant is the gas constant equal 
t,o 8.31 Ji(kg. K). You would see then that  the 
cqliation which we have got for the solar material 
is a usual Mendeleev-Clapeyron equation for a 
gas with molecular mass p = 0.61. 

The resulting small value of the average molec- 
tllar mass (less than one) stems from the small 
Inass of the electron. The electron component of 
plasma does not make a significant contribution 
to the density but produces pressure higher than 
Ishat of protons and helium taken together. The 
low molecular mass of the solar gas is one of the 
reasons for the mean density of the Sun being 
that low. 

Thus we have got an equation describing the 
plasma of the deep solar interior. We know the 
mean density of the Sun. Let us try to estimate 
the pressure and temperature in the central areas 
of the Sun by the order of magnitude. We have 
rstimated the pressure in the interior of the 
massive celestial bodies in the previous chapter. 
The same considerations are applicable to the 
Sun. The material inside i t  is compressed by the 
gravitational attraction. Therefore we can employ 
the formulas of the pressure inside the planets 
for a rough estimate of the mean pressure inside 
the Sun: 

Knowing the mean pressure and mean density 
and using the equation of the solar plasma we 
can easily estimate the temperature of the central 
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areas of the Sun: 

P p p  Gm@mp T~ N- N -- 2 x 10' K. 
kP@ kR@ 

Twenty million kelvins. This is certainly only an  
estimate but i t  does not differ very much from 
the results of accurate calculations. But what 
techniques are employed to calculate the internal 
structure of the Sun and other stars? 

Accurate calculations treat the entire volume 
of the s tar  as composed of a multitude of th in  
spheric shells. Each of the layers has its special 
pressure, temperature, and density slightly differ- 
ent from the identical values in the adjacent 
layers. These minor alterations are further cal- 
culated from layer to layer with regard to nuclear 
reactions releasing energy, transfer of this energy 
from depths to the surface, gravitational attrac. 
tion to the center, and the pressure of outer shells- 
These equations of minor increments in all  relev- 
ant values from layer to layer are termed differ- 
ential equations. 

The equations being compiled, the  problem 
turns purely mathematical and can be solved 
on a computer, the dependences of al l  the values 
on the radius should be calculated including 
temperature T (r), density p (r), pressure p (r), 
gravitational acceleration g (r), and mass m (r) 
within the limits of radius r. Figure 25 gives 
an example of the results of such a calcula- 
tion. 

Note an interesting peculiarity: the gravitation- 
al  acceleration reaches its maximum not on the 
surface but a t  a rather significant depth, a t  the 
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. P S/cm3 

JL 
Ro, thousand km 

Pig. 25. Alteration of temperature T, acceleration g, 
density p, pressure p and mass contained within radius 
r inside the Sun. 

radius equal to merely 0.217 radius of the Sun*. 
The maximum acceleration is 6.5 times higher 
than the acceleration on the surface of the Sun, 
gg. The density, pressure, and temperature 

- 

This statement holds true not only for the Sun but 
also for the majority of planets. On the Earth the gravi- 
lational acceleration reaches its maximum not on the 
yurface but at the depth of 2900 km, where it equals 
10.69 m/s2 which is by 9% more than that on the surface. 
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decrease monotonically with radius. However, llie rise to the solar surface is accompanied by 
the pressure and density fall rapidly near t he  two successive recombinations of helium and 
very surface of the Sun while the temperature one recombination of hydrogen. I n  the process of 
starts to decrease very rapidly already at  the  recombination electrically neutral atoms form 
distance of 115 solar radius from the center. This from ions and electrons. 
makes i t  possible to point out the central area The mean molecular mass p increases with 
of the Sun which is called solar core or t h  recombination. If  p < 1 in the Sun's core due 
cleus. The nucleus is the hottest part of t h  to the contribution of light electrons, it equals p = 
with almost homogeneous high density exce 3 - 2X = 1.27 on the surface where free electrons 
the mean value by a factor of hundred. are scarce. In  other equal conditions the gas with 
very nucleus is the source of almost all A greater molecular mass has a higher density. 
energy and the remaining part is the "bl This situation favours convection in the Sun's 
of the nucleus keeping i t  from cooling do nhell a t  the distance from the center r > 0.7R6. 
slowly conducting the energy of the What is mmect ion?  Let us leave the Sun for  
up to the surface. n moment and turn to our everyday experience. 

Are these calculations accurate enough, I f  you look into the distance above a fire you 
is our knowledge of solar depths adequa would notice that  the shapes of various things 
major difficulty in the construction of the fade out and tremble. You have seen this happen 
of the Sun is that the comprehensive info ~bove hot asphalt on a highway a t  summer mid- 
on the chemical composition of the in lay, and above a pan with water placed on a stove. 
unavailable: the contents of heavy ele winkling of stars is also an effect of convection 
the nucleus of the Sun may be higher t the Earth's atmosphere: warm jets rise and 
surface. This compositiori is  also Id ones descend to take their place. We can 
proceeding from various assumption this motion because the path of a ray in such 
mixing of the solar plasma but u ingling medium is not straight: i t  curves 
remains yet high. Nevertheless, i t  i passing the boundaries of jets. 
that  the accuracy of our knowledge about Conditions required for convection to occur 
solar depths approaches 10%. Thi fire far from being apparent. I t  turns out that  the 
is supported by the fact that  the condition of the upper medium being colder 
and density of the material in the n than the lower one does not suffice. Convection 
Sun have turned out exactly such as tha t  the temperature drop with altitude 
suppott nuclear reactions there. a certain limit. The increase in the 

The temperature is so high deep i rnean molecular mass with height contributes 
tha t  all material is totally ionized much to convection since a potentially heavier 
of atomic nuclei and free electrons. s t.he upper position. On the Sun i t  hap- 
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pens in recombination and in the Earth's atm Just recently Rutherford has apparently produced 
sphere i t  occurs when water vapour condensat fallat type of energy, however on a microscopic 
in clonds. wale, when he managed to decompose nitrogen 

by way of radioactive splitting. Yet no illusion 

3. The Energy of Nuclear Reactions nlrould be made that  the technical generation of 
Ll~e above-mentioned energy is a matter of the 

At high temperatures and pressu immediate future which would depreciate coal. 
of light elements may join one On the other hand, there is no objection to one 
sions thereby forming the nuclei of the most serious technical problems being 
elements. tleveloped thereby". How can one fail to be im- 

The source of energy of the stars was pressed by the progress of science in the last 
in the last century. In 1905 A. Einstein 80 years and the deep insight which some scien- 
his theory of relativity and discovered lists have demonstrated a t  the very start of that  
principle of conservation of ene 
ciple of conservation of mass, w principle of conservation of energy and 
chemistry, are in fact a unified law. rnass holds true for chemical reactions as well. 
a system may turn out different before and af lo those reactions, however, the change in the 
the interaction but the difference of masses, mass of reaction products compared to the 
in other words, the mass defect Ickitial mass is so small tha t  i t  is almost undetect- 
pensated by the change in the syst 11b1e by experiments. 
energy: AE = -mc2. Thus the sum E f Let us actually consider the decrease in mass 
the total energy of the system, is accur In the course of, say, chemical reaction of coal 
conserved in  any reactions. Iburning. The specific heat of reaction 

There was no way to test this statement 
experiments until E. Rutherford discovered 
possibility of nuclear conversi 13 q = 3.3 X 10' Jlkg. This means that the 
reactions, in 1918. And that  is I~urning of 12 kg of coal, with which 32 kg of 
physicist W. Nernst wrote a oxygen react, liberates 3.96 x 10' J of energy. 
"The relationship established I1 is equivalent to 4.4 x kg of mass. This 
vides a basis for further conclus 1s exactly the figure by which the mass of carbon 
greater importance. From this poi nl~d oxygen prior to reaction exceeds the mass of 
radioactive disintegration is one of the pass llie produced carbon dioxide. But is there a way 
ties to  extract enormous quantities of energy 1.0 detect a relative decrease that small in 
matter. A technical exploitation of th llle mass of reagents? There is none, but nobody 
energy does not seem principally imp rver tried to do that because of its apparent use- 
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lessness. There is  a sufficient proof of t Protons, and neutrons. In  this case the nuclear 
ciple of equivalence between mass and llttraction almost does not depend upon the type 
in nuclear physics. The principle of of particle: the interaction of two neutrons is 
servation remains to hold true in the nilnilar to tha t  of two protons and coincides with 
well as in everyday life: the mass l l lc  nuclear interaction between a proton and a 
conserved with the enormous accur Ilcutron. But in contrast to electromagnetic forces 
AS regards the nuclear reactions, lhe nuclear forces act only at  very short distances. 
change of mass in the transformatio The range of nuclear interaction ro 1.5 x 
is  quite observable. Therefore the energy rele m approximately coincides with dimensions 
in nuclear reactions is  much higher than that  of the proton and the neutron. If several protons 
chemical reactions. ~llld neutrons are removed to distances of 

The reader certainly knows that a t m i  r(i, they are unified by nuclear forces into a corn- 
can be considered consisting of posi Pact group: the atomic nucleus. The volume of 
protons and electrically neutral n lltomic nuclei increases proportionally to the 
number of protons in the nucleus e total number of protons and neutrons in the 
ordinal number of an element. A ~lllcleus. This property of atomic nuclei reminds 
houses equal number of negati of the drops of incompressible liquid the volume 
electrons and protons. In atoms electrons which is also proportional to mass. The dimen- 
around nuclei at the distance between 10-I lions of nuclei are thousands times less than the 
10-9 ma They determine chemical dimensions of atoms. Even the size of heavy 
elements. A change in the number 0 jlllclei is  about several radii of nuclear interac- 
in the nucleus does not affect chemi lion r,. 
of an atom. I t  produces nuclear modificatio The attraction of nuclear forces by far exceeds 
elements, isotopes which differ from the P electric repulsion of protons at  distances 
element by the nucleus mass. LJlat short. But with distances reaching several 

AS you know, the atomic masses of t llllcleus diameters nuclear forces become extreme- 
of chemical elements approach integer numb 1.y weak. When atomic nuclei are rearranged in 
The atomic masses of some isotopes are 0 the course of nuclear reactions, the short-range 
closer to integer numbers. This)is 1)llt powerful forces of attraction produce a rather 
proton mass m p  approaches the m ~ignificant work at the distance of about ro. 
m,  and the binding energy of the 'I'l1is very work originates the mass defect. Simul- 
inside the nucleus is less than mpc2. Lnneously, the decrease in total mass in the course 

The binding energy is  generated 01 nuclear reactions results in the liberation of 
forces. These forces are the forces of a t t  tjllergY. That  is the kinetic energy of reaction 
acting between the particles of atomic OrOducts, the newly formed nuclei, and the energy 

U 
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of particles, in particular, lleutrinos-in nuclear reactions. To avoid error a quantum of electromagneti in  the difference, we should need the values of the 
by the reaction. In the final Inass of ekmIentary particles with a high degree 
portion of all  energy liberated by nuclear of accuracy (cf. Table 7). 
tions, which take place inside the stars, is 
verted into thermal energy. The fast-mo Table 7 
particles are retarded by the surrounding m Masses of Particles and Nuclei (atomic units) 
photons are also absorbed by plasma. 

A reaction equation should conform to sev 
principles of conservation 

Particle I ::?'- 1 ) a s  I particle I tzy- I Mass 

the principle of conservati 
the algebraic sum of charges Neutrino 
in  the left-hand and right-hand parts of Electron 

equation. Secondly, the total number of free Positron 
Neutron 

nucleus-bound protons and neutrons should 
main constant. The latter is called the bar Deuteron 
number. Finally, the last rule reads: if an 
tron (e) or its antiparticle, positron (e'), aPPe 
in the course of a reaction, a neutrino shou 
also emerge. Electrons, positrons, and neutrin 
have a collective name of leptons and the pri 
ciple just mentioned is called the conservation that the mass of oxygen atom, i.e, the 
lepton charge. sum of masses of its nucleus and eight electrons, Neutrino is a particle equals 16. This follows from the strict 
and a zero mass. I t  pra tiefinition of the mass of atomic unit accepted in 
with other particles and physics. When mass difference is converted into 
of light immediately afte Onergy, one should take into account that  the 
formed inside the Sun pene lltomic unit has a mass of 1.66 x 10-27 kg and 
without a delay, dispersi is equivalent to the energy of 0.93 GeV or 1.49 
energy which they carry 
formed into heat. However, So let us start the first nuclear reaction. Let 
in that  part of nuclear energy which hea ons collide. The force of electric repul- 
central area of the Sun. between them, therefore the probability A relatively small part of particle mass coalescence is very low (we shall estim- "burnt"-converted into heat or carried away rite i t  later). Nevertheless, i t  is a possible event, 

IJ 

e 
e+ 
n 
'p 
ad 

0 
0.00055 
0.00055 
1.0090 
1.0076 
2.0142 

Tritium 
nucleus 
Helium-3 
nucleus 
Helium-4 
nucleus 
Carbon 
nucleus 
Oxygen 
nucleus 

3T 

3He 

4He 

'zC 

'80 

3.0170 

3.0159 

4.0028 

12.0005 

15.9956 
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Thus, we have two protons on the left-hand s 
of the equation. What can be their proba 
fate? To conserve the baryon charge a deutero 
the nucleus of deuterium, the hydrogen's isoto 
should be taken. To conserve the electric cha 
a positron should be added. The appearance 
positron results in the formation of a neutri 
because of the conservation of the lepton charg 

'p + lp  +- 2d + e+ + v. 

Positron should annihilate with electron, both 
are excessive in plasma: e+ + e +- 0. Therefore 
let us combine these two reactions: 

l p  + 'p + e +- 2d + v. 

Calculate the mass of particles having entered 
the reaction: 2mp + me = 2.01575. The mass 
of reaction products, i.e. the mass of deuteron, 
equals 2.0142. Thus, the mass has decreased by 
Am = 0.00155 atomic units. This mass defect 
has been transformed into the kinetic energy of 
the products of reaction and the energy of electro- 
magnetic radiation. The major portion of this  
energy, E = A m a  = 2.31 X 10-l3 J = 1.45 MeV, 
is carried away by neutrino. 

Deuteron is a stable particle which does not 
decay spontaneously. In  the Earth's water t 
is one atom of deuterium, heavy hydrogen, 
each seven thousand atoms of the usual hydrog 
However there is a high probability for deuteron 
to enter a nuclear reaction with proton a t  th 
temperature of the Sun's core: 

Zd + l p  +- 3He 
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Mass defect here equals 0.0059 atomic units. 
l'lle energy liberated in that  reaction, 8.8 X 
10-l3 J = 5.5 MeV, is all spent on the heating 
of the surrounding plasma. The helium isotope 
with mass 3 is also stable. However, its share is 
rnther insignificant compared to the more com- 
mon helium-4. On the Earth i t  is merely lo-"%. 
'l'he occurrence of this isotope is so low because 
at the temperatures and pressures which exist 
Inside the stars there is a high probability for 
Ibolium-3 to enter various nuclear reactions. The 
rnost probable of such reactions is the following: 
"Ie + 3He +- "He + 'p + 'p. 

Calculate the mass defect in  this reaction: 
Am = 0.0138. This means that  the reaction 
liberates the energy equal to 2.06 X 10-l2 J = 
12.9 MeV. At temperatures and pressures existing 
i r ~  the Sun's core, helium-4 nuclei practically do 
rlot enter into further nuclear reactions. The 
proton cycle of reactions is over. 

Let us summarize the results. Six protons and 
two electrons were spent to produce a nucleus of 
helium-4, two neutrinos, and two protons. The 
total mass defect of the cycle equals 0.0287. This 
means that  0.7% of the initial mass has been 
transformed into energy. The formation of each 
helium nucleus is accompanied by the liberation 
of energy equal to 4.28 x 10-l2 J or 26.8 MeV. 
'I'wo neutrinos will carry away a part of this 
rnergy. Let us assume that they will take away 
r~pproximately all  the energy of the first reaction 
of the cycle. I n  that  case there will be 4 x 10-l2 J 
of energy left in each proton cycle for heating the 
Sun. 
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Other nuclear reactions are also possible in t great, the synthesis of elements would be blast- 
core of the Sun. Specifically, the synthesi like: the matter is heated to the temperatures of 
helium may occur with the nuclei of carbon I~ondreds million degrees-the energetically dis- 
nitrogen participating as catalysts. These nu ativantageous synthesis of heavy elements takes 
are being transformed one into the other place as well-but the star itself explodes. As this 
finally such a carbonic cycle produces a helium happens, both hydrogen and heavy elements are 
nucleus and .the quantity of carbon and nitro dispersed over the universe. 
does not change. Thus, a carbonic cycle lib Note that  the reactions combining helium 
energy equal to that  released in a proton rluclei produce elements with even charges of 

Carbon and then oxygen, and heavier ele onclei. Generally, the nuclear combinations of 
are formed in stars as the result of the react10 1111 even number of protons and an even number 
34He -t 12C; 4He f 12C -t 160 and so forth. ol neutrons are more stable a t  stellar tempera- 

However the temperature inside the Su tures. Therefore the occurrence of elements with 
not sufficiently high, therefore the rate of t ctven numbers is one order of magnitude higher 
reactions is negligible there. But where did l11an that  of odd elements (consider again Fig. 24). 
heavy elements come to the Sun from? Even t After the explosion of a first-generation star, 
quantity of lead is quite significant there. No the material enriched with minor impurities of 
that the formation of elements heavier than practically all  the elements may again assemble 
6BFe is disadvantageous from the energy p into stars under the action of gravitation. These 
of view: the mass defect changes its sign w very stars would be the second-generation stars 
heavy elements are formed. Recall radioactivit which is exactly the Sun's case. 
spontaneous decay of the elements which a The explosion of the first-generation star occur- 
heavier than uranium. The answer is that  t red about 5 billion years ago to have blasted out 
Sun is a second-generation star. According tlle material from which our solar system has 
modern concepts the evolution of stars passes t w  1)een formed. The majority of stars of the Galaxy 
stages. I t  begins with the formation of first-gene rlre also second-generation stars. However, there 
ation stars out of prestar material consisti rlre also hydrogen-helium stars in the system 
by mass of three quarters of hydrogen and a whose evolution has not yet approached the 
ter of helium. These are massive stars and p moment of explosion. An explosion of a star, 
cycle reactions proceed rather fast there. Fina by the way, is quite a rare event. We shall further 
very litt le hydrogen is left in the center a we that  such an incident requires specific con- 
combustion suspends. The star condenses, t ditions. Stars are stable in the case of normal 
pressure and temperature rise rapidly and heli burning. So let us t ry to answer the question: 
starts to "burn". This is a critical moment 
star's history. If i ts  mass had been sufficient 
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4. Can the Sun Explode? llway power approximately equal to 0.1La. 
'I'lrerefore, nuclear reactions supply solar power 

The stellar energy comes from nuclear reactio crcl~ial to 1 .I La. As this happens, the Sun "loses 
the synthesis of helium from hydrogen and t weight" by 1 .I LOlc2 = 4.5 X lo9 kg per second. 
synthesis of other elements from these ligh 'I'ltis is quite a lot, isn't i t? But the Sun itself 
two. But hydrogen is also abundant on In really huge. 
Earth: the entire ocean consists of water Could we assume, proceeding only from this 
molecule of which contains two atoms of h crrlculation, that  the Sun's mass decreases? No, 
gen. Is there a possibility that  the same proto we could not. There is also a phenomenon result- 
cycle reactions are slowly developing in th irig in the increase in the Sun's mass: the falling 
Earth's ocean? of comets upon the Sun. Photos were taken of 

There is none. The fact is that definitely nc~veral planets which were rushing into the 
two protons have ever coalesced into deuteri xolar disk a t  a speed of 618 kmls. Those were 
for billions of years of ocean's existence. ntnall comets and they showed their presence by 
why do nucIear reactions occur on the Sun an glowing only few hours before they disappeared 
stars but not on planets? l~ilving vaporized in the Sun's atmosphere. I t  is 

Let us not hurry with an answer. Consid tlifficult to estimate the mass of these comets 
fi s t  how often the solar hydrogen enters in nrid frequency of such falls with the number of 
the synthesis reaction. We know the luminosit ~.rgistered cases being too little. However, the 
the light power of the Sun: La - 4 x loz8 W. firlls of comets are quite capable of compensating 
This power is supplied by the synthesis of heli llie radiation loss in the Sun's mass equal to 
A formation of one helium atom releases 1.5 X IOl7 kg per year. 
energy E - 4 X 10-l2 J .  Divide the first va Consider now how often a hydrogen atom "has 
by the second and you would find the number to die" on the Sun, i.e. the probability for its 
helium atoms formed on the Sun per second: rinnihilation in one second. Let us assume for 

catimation, that  the Sun consists only of hydro- kHo - 5,  10.8 .-i. 
E Ken. In that  case the Sun houses N H  - rna l rn~ - 

105' hydrogen atoms. Therefore, only 4 x 10-ls 
(A letter with a point above i t  is used to designat of the solar fuel burns out per second, only two 
the rate of value alteration, its time derivative. l~rotons out of each 5 x 1018 enter into a reaction 
Certainly, this value could be calculated mor 1)c.r second. At such a rate even one tenth of 
accurately but for the time being we do not n liydrogen available on the Sun would not burn 
a high accuracy. Thus, 4 X hydrogen nuc out in 10 billion years, the time comparable to 
the protons, burn in a second to form heliu the age of the universe. An energy crisis does not 
nuclei and 2 X neutrinos. Neutrinos threaten yet our star. The low combustion rate 






