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1 was not quite correct when saying that only motion at relatively

modest velocities was known in Isaac Newton's time. Of course, this
would be true if only the motion of physical bodies was meant.
However, from time jmmemorial mankind knew a process which
propagates at a truly fantastic speed. 1 mean light. What is it?
Suggestions that light consisis of particles which are emittedbya
glowing hody were made in ancient Greece. Aristotle held this opin-
hared this point of view. Aristotle assumed

ion and Newton also s
the velocity of light propagation to be infinitely high. The same

point of view was prevalent until the middle of the 17th century.
This belief was shared by the great scientists Johannes Kepler, René
Déscartes and others. Galileo was the first to attempt an experi-
mental determination of the speed of light in 1688. He placed two
torches on top of two hills ata distance of less than one mile from
each other. First the shutter of one torch was opened and when
the beam of light reached the observer at the other hill, the latter
opened the shutter of his torch. The observer with the first torch

e time between the opening of its shutter and

was to measure th
the moment when he saw the flash of the second torch. This was

meant to measure the time of travel of light to the second hill and

pack again.

However, No delay was found in
Galileo concluded that if light ‘does not propagate instantaneously,
ously high speed’. Obviously, such 2
ces available 10

these experiments, so that

then it does SO at a tremend
fast motion could not be measured with the devi

Galileo.

The Danish astro
really measure the velocity of light inl6
In the middle of the 17th century, the It
Cassini, who became famous for his high-precision observations of
planets through large telescopes, compiled tables of the motion of
discovered earlier by Galileo. Further studies

nomer Ole Roemer (1644—1710) was the first to
76. This is how it happened.
alian astronomer Giovanni

the Jovian satellites
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demonstrated that the calculated
satellite of Jupi moments at which the|
Pt g;‘iilsf;; i:i,t;ntered the shadow of the hut;l: ;Z;Z‘tn;ft
TE— thol:'sm'vational data. In the month when tllld
Jupiter, the moments of : STm' was at its maximum distance fr ;
I il hO eclipses were delayed in comparison {')m
L thev :ém.ost 22 minutes. When the observatr:;:
i s el ;umum distance between the Earth and
When Roemer heard abot'lt this, he i
suggesting that li . explained the delay |
e aft i olrllliltt I;eeds 22 minutes to travel along t}};er(liil:;gtb :
ol accura.c YYchzft tim.elthis diameter was known m:I:
by 22 minutes, Roeme'r CZ‘““E divided the length of this diameter
B ol el me up with the first numerical estimat
the velocity that Roe *about 214 000 km/s. It was found later th i
i mer reported was less than the true value ba;
It was thus shown for the first ti |
e istar - ime that light do
B ke of e L ety e ongh ver i,
sured not b ; ceRliry was theveloeityofl '
. Eart;.ﬂ;t;‘::eo::cal .observatlons but directly n}ll e}i;fg;f:f -
. of Galpiiirlr,nems, which were in fact greatly mods.
B ntists Fizea e0’s experiments, were carried out by th
B ot o c]iffereml.l, F?ucalﬂt and Carnot. Their experiment .
ter accuracy, yielded thpermds and with gradually better and be:-,
o e 1370e velocity of light close to 300000 km/s
of light attracted the uutSI thE-Droblem CRmIEASUIRE, i VEIOCiU;
B om0 standing American experimental physi
that time gave th >2-1931). The experiments he e
e value of 299910 km/s. Rk,

This proble
m attracted Michelson until the end of his life. [
ife. It was

t
r grl
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The final series of experiments 10 measure the velocity of light in
Michelson's laboratory started in 1929. His daughter recalled that
in May 1931, in the last days of his life, Michelson, world-renowned
physicist and Nobel prize winner, waited impatiently for the final

results of his experiments:

On the seventh of May, Pease (Michelson's assis
1e latest figures for the new

came to Michelson with t
determination of the speed of light: 209,774 kilometers

per second. Michelson's face lighted up with an almost
child-like pleasure. Knowing that he did not have long 1o

live, he told Pease t0 pullup a chair and open a notebook at

once so that he might start dictation. sMeasurement of the
m." The effort exhausted

Velocity of Lightin a Partial Vacuu
him, and after dictating the first paragraph, he fell into a

peaceful sleep...

On the morning 0
Dorothy Michelson

tant)

f May 9, 1931, Michelson died.
Livingston, The Master of Light,
1973 (Charles scribner's Sons)

These lines are evidence of what sort of people belong to the
cohort for whom 10 gather knowledge about the Universe is the
meaning of their lives; due to these scientists, we have pene

trated profoundly into nature's mysteries. The current value of
the velocity of light, determined by using an atomic clock, is
f this value does not exceed

299 792.458 km/s. The possible error o
0.2 m/s.
Michelson’
which lead to the development of rel
created by Albert Einstein at the beginning of our century,
possible to look at the properties of space and time from a com-
pletely new standpoint.
Before describing Michelson’s experiments, let us step back a
century, to the time when physicists tried to figure out the nature

of light.

s name is also inseparable from the experiments
ativity theory. This theory,
made it
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The i
oot :i’::nttlil:tt ;iagh;dis of‘ e nature was first suggested by the
of light was onl cI; anzl 1t 1036, HOWRIKE, 2 EadRlSIEt Lok
- iy Huyge)rlls ;zit‘ecl thirty years later by the Dutch physicist
e em— ref-le Es theox"y explained elegantly a large number
films and other int ; on ! hg'ht by plates, the formation of moiré
sl corput;r elrence, diffraction and polarization phenom-
s orp cular the?ry of light was able to interpret only
o Sidry artificial assumptions or failed to explain at all.
nom:nonszl :?:; :: argue, however, that if light is a wave phe-
reigning Illypothesiss must propagate through some medium. The
£ Ether-w:f;s i;hat the propagation medium for light
——— : the finest, all-permeating medium filling the
By the
gan:;g : hrff;lfngt:ieul, j:ll';cenmry. the theory of light waves propa-
Rition, ether was gaining ever increasing recog-
Unfortu
the ether. Tl:fs}s?nﬁ:l: -bl])-lgghng properties had to be ascribed to
A m had to possess hugely greater elasticity
propagate through - because only then could light vibrations
had to possess Ee f1 e Eljlorm()us velocity that we observe. It
MW orosh itpwi‘t ;z; tzzro wst?osity. to allow heavenly bodies to
B iexperinentally ny resistance, which was another feature
th?::}:::’:;j;fgf?lt:s of this sort were easily waved away: indeed,
o Yoor inary matter’. Thus the well known British sci-
N toutnhg wrote at the beginning of the 19th century,
B e 50 o e so-c?l]ed solid, liquid and gaseous forms of
nomena of electrici N SE(;TU _mater.i al forms that produce the phe-
Today’s read e L AT L B Eiies
. crea;: m?y be interested to know that Thomas Young,
- s of the wave theory of light, was a uniquely gifted
e learned to read fluently when two vears old and two
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es: when eight
later was reciting numerous memorized verses;
years

ical i , then
had already constructed physical instruments

years old, he Jarge number of lan-

rapidly mastered differential calculus and a

gu g Sy 1

d of his life
doctor, a physicist and an astronomer, but by the en
2 g ' : : 3
he was compiling an Egyptian dlctior?ary R
young carried out numerous experimentsw - 2 e o
. if light; he also provided exhaustive interpr e
: a
these eriments. Young demonstrated that the oscltl il
o . i i s bu -
tFW:t wafes are not longitudinal as 1n acoustic wa.wil et
- se, as in vibrations of liguid particles in waves on the
Verse,
. jenti nature of
Wmefr the work of Young and other scientists, the wa;'e s
“’-r eo
1i it was assumed to be proved beyond doubt. The t
ig

i achievements
1d ether was treated as one of the most important
wor

: ched.
d as firmly establishe N .
reg':;iizntry for the ether, written at the very beginning of

i cyclopedia
tury for the excellent and extremely popular Russian encyclop

i heory of light, bk
validity of the wave t
St i e carrier where there is no matter

The existence of ether as an ene;gy b e ather g
s "
familiar to us, becar
in forms that are

hypothesis.’ several sentences later the author rggret::lz

- Ell{ec‘lﬂihat '‘Nevertheless, arguments against the existen
e still encountered even in our tir.n.e.' . -
et hat the majority of physicists firmly belie :

A tdzm which permeated entire space. However, ':1111:1
e i lNewton's ‘absolute space’ was notempty butlﬁ eﬂf
g s then natural to try and measure the veloclu'y m
With' . w:’:rth relative to the ether, and hence relative o
?hom‘:;oc;flt?:pace if this were possible, Newton's absolute spa

e al ’
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would cease to be a pure abstraction that does not manifest itself

in anything, but would become a specific object of study.

Albert Michelson, whom I have already mentioned, became inter-
ested in this problem in the 1880s. He designed an excellent high-
precision instrument now known as the Michelson interferometer,
which was expected, according to calculation, to solve the problem.

However, how would one measure the velocity of the Earth with
respect to the ether? Indeed, since by definition the ether wind
blowing against the Earth flows freely through all bodies, producing
no pressure at all, unlike the ordinary wind in the air, the expected

displacement of the Earth relative to the ether could be determined
in the following way.

Let us send light signals in a laboratory moving together with the
Earth through the ether, along the direction of the motion, so that
these light pulses return to the light source after being reflected by
a mirror. Let us refer to them as signals A. Another set of signals
B will be sent at right angles to the motion of the Earth. Signals B,
reflected by another mirror at the same distance from the source
as the first one, also return to the source. If the Earth is at rest
relative to the ether, the signals A and B will obviously spend the
same time traveling from the source to the mirror and back. If,
however, the Earth is moving, then it is easy to calculate that these
times will be slightly different, Signals B will need slightly less time
to travel. Knowing the dimensions of the instrument and the delay
time, it will be a straightforward matter to calculate the velocity of
the ether wind blowing against the Earth because of its motion.

In Michelson’s instrument, the path covered by the light signals
was about 22 meters. If we assume that the velocity of the ether
wind is the same as the velocity of the Earth on its orbit around
the Sun, then the delay time of signals A was calculated to be only
about three ten-thousandths of a millionth of a millionth of one
second (three divided by one followed by sixteen naughts).

43



SIS L

LIGHT

The instrument was s0 perfect and precise that it was capable of

measuring a delay even a hundred times smaller!

Of course, the Earth moves in the ether not only along ifs orbit
around the Sun but also moves with the Sun, together with the
gplar System as a whole. Hence, the direction of the ether wind is
not known beforehand. The experimenters were able to take that
into account t0o. They made their instrument, which was floating

in a pool of mercury, rotate slowly, changing its orientation. Finally,

it could not be excluded beforehand that the orbital motion of the
Earth at the moment of measurement was accidentally compen-
sated for by the displacement of the Sun in the opposite direction.
To exclude such a coincidence, experiments Were repeated every
three months, when the direction of the orbital motion of the Sun
had changed considerably.

in 1887 Michelson and Morley published the results of a series
of their most accurate measurements carried out with this instru-
ment. They failed to detect any ether wind. At this time, Michelson
wrote to the famous British physicist John Rayleigh that he had
completed an experiment aimed at measuring the relative motion
of the Earth to the ether, and that the result was decidedly negative.
This result was baffling for everybody. Michelson was openly disap-
pointed. Many people tried to find jmperfections in his experiments
or to reformulate the theories of the world ether; other exp eriments
were conducted, including experiments on detecting the ether wind
in the mountains where, according 10 the same hypothesis, the
effect of the ether wind would be more pmnounced. But it was
to no avail. This great disappointment for Michelson turned out to
be the greatest triumph of his life. The negative result meant that
the ether not only leaves the motion of heavenly bodies unaffected
(this was clear even before these experiments) but that it does not

affect experiments with light either. Hence, it was an invention, a

fiction!
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de;ltcl;lws;fer. the Michelson-Morley experiments were not only a
ow to the theory of ether. Their signifi
. Their significance w.
- : as much
- ;gtc;lrdln fact, these experiments proved that the motion of the
3 oes not affect the velocit i i
y of light: it remains con i
‘ tant in all
cases. Note that this conclusi i S
onw
-~ as independent of the nature of
N - o
N evertheless, what is light if it is not a vibration of an as yet
o .
Bmo:n world-permeating medium, of a putative ether?
the -
ans::,e thend of th.e last century, physicists were quite ready to
e rl ! ese questions. The work of Michael Faraday, James Clerk
ell and Heinrich Rudol ‘
ph Hertz proved that ligh i
oscillations of the ele i S
ctromagnetic field, which
o ) can propagate
oulgh space as electromagnetic waves and needs no medium
no ether; it became clear, theref !
! X ore, that nothing in natur
put in correspondence with this ‘ether’ e
Itw i :
s as thus c_onc]uded that light in the form of electromagnetic
s propagates through space wi i
oy gh space without the mediation of any
The Mi - i
imen:a Nclltchelson Morley experiments and numerous other exper-
= lﬂsthemonstratecl really surprising properties of light. It was
n at regardless of whether ,
the observer mo
e ' ves towards a
biam ea;m.or recedes in the opposite direction, the velocity of the
e dre ative to this observer remains unchanged! (Note that with
% a Ifent of lasers, it was possible to confirm experimentally that
o : N
5 “\rr;hc?mty of light is independent of the velocity of light sources
i 1rl1b10.03 mm/s.) In Michelson’s time this was quite incom
ensible. Indeed, it was quite cle i -
; ar that if a car is i
theroad atas i
peed of 60 km/h and the ob i
server drives in anotl
car tow i
tc’waod ards the former car, then the relative velocity of approach
r .
e os 't:?e observer is 120 km/h. This is indeed so. In this exam-
cities simply add up. However, if
. : : , if one of the cars is repl
b : placed
h a light beam, the answer is dramatically different. The veloc-
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ity of approach to a light signal is unchanged by the observer's

motion.
A well-known Polish physicist Leopold Infeld wrote that the
famous Michelson-Morley experiment « . has ultimately proved 1

that there cannot be different velocities of propagation for light...
that these velocities are identical in all directions and their value
is ¢, which is the velocity of light and which, in the most strange
manner, remains itself, ever constant, ever unalterable. dOWI}l

This result was catastrophic for the mechanistic view. ’

Indeed, this was 2 really crushing blow to familiar notions. It
was later understood (we are going to talk about it in subsequent
chapters) that Michelson’s experiments in fact demonstrated an
inevitable conclusion: the properties of space and time undergo
changes as the velocity of motion becomes very high.

This discovery, which signified a revolution in patural sciences,
was made in 1905 by Albert Einstein.

The pace of time ban be slowed

7 iy T |
A :‘-,'_..',-. . LYire o! i 'l
'5‘ S {
—
v 2
o By 11 .

7 /"—"'2') g Vg &\* e
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THE PACE OF TIME CAN BE SLOWED pOWN!

Here unfolds the story of the momentous achievements of sci-

ence in the 20th century. I would say that the most impres-
give discovery was made at the very beginning of the century by
Albert Einstein when he created relativity theory. He showed that
there does not exist any ‘absolute time', no unified unchangeable

river of time which impartially carries all events occurring in the

Universe.
Academician A. Alexandrov of the Academy of Sciences of the

USSR wrote: ‘Einstein's greatest discovery which became the cor-
nerstone of relativity theory and a turning point in the general
physical and philosophical interpretation of space and time Was
the revelation that nature knows no absolute time.’

Evidently, time behaves as a river with constant, unchangeable
flowrate only in the habitual conditions of relatively slow motions
and not very high interaction energies. Its properties are very dif-
ferent under very unconventional conditions! We will discuss this

later in great detail. y
The discovery of the relative nature of time is contained in rel-
ativity theory that Einstein created in 1905. An enormous number

of books have been written about Einstein, definitely more than

about any other physicist. several factors explain this. 1 will quote
the opinions of several well-known scientists who knew Einstein
personally, and also Einstein himself; these sources may help, to

some extent, t0 reconstruct the image of this personality and to
understand the causes of his immense popularity.

First and foremost, he was a truly great researcher, and his dis-
coveries dealt with the most mysterious properties of time and
space. The scent of mystery invariably attracts those who wish to
ponder the meaning of the world and our being in the world {(and
who are sufficiently strong to find time for this in the perpetual bus-

tle of life). The USSR theoretical physicist academician Igor Tamim

wrote:
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Einstein i
revoluﬂ;wh(‘)m Lenin regarded as one of the greatest
naries in natural scie; i
nces, is rightl
N i ghtly compared wi
b H|11 of the opinion that this comparison is cor 5
s .m the sense that Newton's and Einstein's o
oes: rerhles ;lgnify pinnacles in human striving to
e
- Eear :1; ; I1;1.aturt:z. and that these pinnacles tower over
istory of development i i
e . pment in sciences and dire
. compat;ll ;Fher. I think that Newton and Einstein can a‘iﬂy
. ed in the sense that Newton laid the foundati v
o e 11 natural sciences while Einstein's creation, hi .
i .
y theory, completed the edifice of classical physs'
ics.

In Soviet times
, a reference to Lenin’
as the high : n's authority was re
- phg t.es.t commendation. Furthermore, [ am aware thafard‘ad
5 i !
Bt ysicists quoted Lenin in order to shield the pro some
eory i ess A
iy Iy in our country from very vigorous attemptgsTto clOflrEI
creati f o ec
o) s tion a ‘bourgeois, idealistic anti-science” durin -
astmpf-wsm' otnslaught looked very realistic. Well-knolwn Mog oo
ist I. SCO
B i pir.f- Si;klovsky wrote that the ‘“bureaucratic wa:v
ity of Marxism" we ; 3
P o realizadl o re admonished “from above™
. that th\.ﬂ_ military potential of the country is im .
the period hrue physics'. I should remind the reader that thi -
when the USSR was ing i s was
weapons. developing its rocket and nuclear
I will return to Ei i
“instein’s discoveries 1
ness of these di : s later. However, the great-
_— f}:sc‘:;:ferles cannot fully explain the scale of his ggl:l:tl
1 a d
o R t. as not .ebbed throughout the 20th century. Thi
e n is especially surprising since the ever-ch e S
The d our time never ceases to generate new idol e
e decisive point w. i S
as Einstein’ i
V. Kaverin on s personality. Soviet wri
g o~} l
e Couce remarked: ‘Above all others, I value in people kjrjzr
rage. We may agree that a combination of these fea-

tures makes
am
e an a decent human being. These two quali
'm his moral stance.’ qualities must
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I believe that these words give a pithy formulation of the concept
of a ‘fine man’. It is fairly difficult to withstand the test for these
seemingly simple and clear criteria over the whole length of one's
life. Not everybody succeeds in it, but so many do not even try.

Albert Einstein was kind and courageaus. People who knew him
well say that his kindness stemmed from his extraordinarily clear
mind and was not subject to surges of feelings and emotions. Ein-
stein helped numerous people. The fates of scientists who suffered
persecution in Germany after Hitler came to power were especially
close to his heart. The Polish physicist L. Infeld wrote in a Maga-
zine Tworczosc ‘Never in my life could I witness s0O much kindness
completely devoid of emotion. Although only physics and the laws
of nature lifted Finstein to true emotions, he never refused calls
for help if he thought that help was really needed and concluded
that this help could be efficient. He wrote thousands of recormnmen-
dations, gave advice to hundreds of people, spent hours talking to
a lunatic whose family wrote Einstein that he alone could help the

afflicted man.'{

Is not this an outstanding example of kindness and mercy which
are often in very short supply in our frequently cruel life? This
purity of goals is all the more valuable because it emanated from
a man who seemed to exist in the world of abstract formulas and
far removed from real life. In fact, he was far from the little daily
worries - in that area which did not touch the primary tuman val-
ues. He tried to spend an absolute minimum of time on the trivia of
life, thus saving time for the really jmportant. He wore his hair long
to minimize visits 10 the barber, preferred a leather jacket to avoid
shopping for anew suit as long as possible, decided to forgo socks,
suspenders and pajamas. Immersed in his thoughts, he often ate

t Translator's comment: we follow the Russian translation of the
original text in Polish in: Einstein and Today's Physics ed. E.B.
Kuznetsova (MoscOW: GTTL) 1956 (in Russian).
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automatically, paying no attention to what he swallowed And h
was courageous! He never flinched from defending the ju-st y
never bothered whether his actions may have led to personafz'losz |
E:JZ?.IH:] to?lc Part in a.nti-war demonstrations even during World
-  his life he agitated for peace and unity of people
Being ‘worried that Hitler's Germany could develop the. atomi
bo'mb, Einstein was one of those who helped initiate the -
this weapon in the USA. wereon
He realizeld, even before the first atom bomb was exploded, th
scale of the threat brought by nuclear weapons to map kin?:l o
thus advocated international control of nuclear ars.enalls1 e
wisgﬂtlifist:ugzriz an e)I(cerpt from his letter to Infeld, written in
g topical and wise almost fifty years later.

You know well that I hold the striving to true peace in th
highest esteem, I believe that in the terrible situationv: I
now facing the direct measures that became increasi le o
popular. have no chance of success because confiden:tig 13;1
?Ezist mt'ennon§ of the opposing side declined everywhere.
e no immediate suggestions. Only some individual

steps Py the sides can be considered at present, which
promise to revive the confidence without whichl there ma
be no approaches to sustaining international security {

}:s it surprising, therefore, that this man excited hatred in people
who were his antitheses. Such .

; people went as far as foundi
> g ng an
anti-Einstein organization, and called for having him murdered

. ere is how Einstein defined his moral position in a letter to his
riend, the German physicist Max Born.

What is required of a man is to show an example of puri
of _ethical principles and have courage for retainin tI;l .
principles in a cynical society. I kept trying to live Li;n tl:?.iSe
way for a long while - with various degrees of success. i

Naturwissenschaften 42 425 (1955)
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. the purity and honesty in

. Thig i |
Max Born concluded: ‘T his is abou xample and

thought and feeling. We bow our heads to Einstein as €

teacher in both respects.’
. o
1 will also mention Einstein's a :
seemed to be absolutely indifferent to it. [ wi

Einstein was utterly indifferent to his ffirne: he mas]/:l bihe

n who was not affected in the least by
glory. The Nobel Prize medal, together
nd dozens of honorary diplorr'\as were
ecretary’s room, and ] am quite sure
idea of what the Nobel Prize medal

ttitude to his unusual fame: he
11 again quote L. Infeld:

a unique perso
greatest imaginable
with other medals a
kept in a box in his s
that Einstein had no
looked like.

i ived and
Einstein's long-lived fame which was his fate when he live

has kept growing since he died, finds it-s ex.plana;ciilislr;tt:il: ;;TO
plete harmony of his greatness as a scientist anh APy
defend the oppressed and help the progress of duwﬂh g
combination of these impeccable moral standards o
discoveries of mysterious properties of 1:1ature pr(t)ical oy
foundation for his fame. Lev Landau, Soviet theo;e Lo
winner of a Nobel prize for physics, we‘ns of the gembers "
ion of Einstein. This is how Vitaly L. Ginzburg rem

words:

Landau had a scale of merit in physics. The scale was

logarithmic (class 2 meant achievement.sTnallelfr :zraciz::l?:y‘
of 10 than that of class 1). Among [')hYSlClS‘tS (:lberg e
only Einstein had class 0.5, Bohr, Dirac, HESE e
some others were class 1... As you see... Lan )
Einstein above all physicists of our century, an

opinion is simply unassailable.

The reminiscences of people w

words of outstanding :
the highest possible degree. They may be
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picture of a perfectly ideal person, devoid of any drawbacks. Was
Einstein such an ideal human being?

This is very unlikely. Being ideal is not for a real, non-fictional,
living person. Such is the ‘logic of real life',

For some years now, | have begun to hear muted statements by
my German colleagues that in his private life Einstein was anything
but ideal. Even books based on documents have begun to appear
recently, which state that Einstein did have many drawbacks typical
of ordinary people. It is not easy to sort out nowadays what is true,
whatis rumor and gossip and what is pure invention. Mythis always
created about great historical figures.

In this connection, it will be of interest to recall what Einstein
himself wrote in his letter to Morice Slavin on March 28, 1949: 'Very
often we can only see an outstanding personality through a haze
of sheer fog'. )

My own experience has taught me that reconstruction of the
personal life of a famous figure person is especially difficult. It
happened when together with my colleague Aleksander Sharov, 1
worked on a biography of Edwin Hubble (Edwin Hubble, the Discov-
erer of the Big Bang Universe, Aleksander Sharov and Igor Novikov,
Cambridge University Press, 1993). I quite agree with a remark by
the well-known American astronomer Alan Sandage quoted in that
book: ‘It seems to me that from the scientific standpoint, we know
a great deal of what he did, and that was all documented in the
records and his publications. There is no question about the great
things he did, but his personal life will be quite a bit more difficult
to reconstruct.’

I would like to end the short digression on Einstein's personality
with two of his comments that he made in a letter to the Polish
physicist L. Infeld, written in 1950 (see footnote to p. 50).

The first of them sounds very fresh today. ‘Before our time, man
Was essentially a plaything in the hands of blind forces of nature;
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nowadays we are a plaything in the hands of bureauc‘ra\(:y.h Ne-v:'l-
theless, man accepts this role. You know Lichtenberg's aphoris rs.
“Man learns little from experience since each new blunder appea
im | light”.'
N '}I‘nhr: :::(1:1::; Sassage characterizes Einstein's attitude tow?r;liz
life in general and brings out clearly the inherent harmony (; e
inner world, which was always at one with the n‘afurz.il run o -I:-n
cesses dictated by the laws that rule the world. ‘Life 1&:, an exci ;tlg
and splendid spectacle. I love it. However., I wouldn't belg:;(; u]zlr
impressed if 1 found out that I was to die in three hours. -
think how to use best these three hoursdl.ef‘t for me. I wou
s in order and lie down to die. -
pu;i; I:::;e:he creator of relativity theory. Now, what does this
?
th?;:: t;lrla;l:}; is based on two postulates which generalize t?e:
observational data. The first of them states that uniform transla
tional motion cannot in any way affect physical phe'nomena. W
We have already met this statement when dism‘lssm.g fhe Gali f:atr;
principle of the relativity of motion. However, Ell'lStElr.l s poslti.lt;at
brings an important generalization to it. The reader will reca -
Galileo was speaking only of mechanical [:n.henomena. the mz o
of objects thrown by hand, the flight of flies c-:tc. T.hese wltlar e
affected by the motion of the ship. However, Einstein emp as;1 X
that not only mechanical phenomena but all the others, suc faa
electromagnetic phenomena, will proceed in the statercom o
moving ship exactly as they doina ship at rest. g
The second postulate of relativity theory states that the Sp;m
of light in vacuum is always the same, regardless of t;le ’mc:i o
of the light source or light detector, and equals (by today's
= .458 km/s.
i :/\fzegzizgsti;e ﬁrsi postulate as something very natural; the sec-
ond one, however, meets with serious doubts.
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Indeed, imagine a spotlight and an observer to be at rest rel-
ative to each other, the observer measuring the speed of light ¢
arriving from the spotlight. It seems logical that if the observer
moves towards the light beam, the speed of light relative to him
must increase and be higher than ¢. We know, nevertheless, that
numerous experiments have proved that this expectation is wrong
and the speed of light remains unchanged. All the same, it will be
useful to discuss the situation further.

Let an observer in a rocket moving at high speed send a light
signal from ceiling to floor; after reflection from a mirror placed on
the floor, light returns to the ceiling (see figure 4.1). The observer
in the rocket sees that the light beam travels in both directions
along the same trajectory. As for the non-moving observer outside
the rocket, he records that the light beam moving with the rocket
follows a V-shaped trajectory which is longer than the simple ‘up
and down’ path for the observer in the rocket. Hence, the velocity

of the light signal must seem higher for the outside observer than
for the observer in the rocket.

Stop! Recall that the velocity of a signal is the ratio of the path
length to the time of travel. The path is longer for the outside
observer, that is true. Doesn't this mean that the velocity is also
higher? This would be so if the time of passage were identical for
both observers; doesn’t this equality appear obvious? Indeed, in
hoth cases this is the time of signal propagation ‘there and back
again’. True, of course, but only if we assume that time flows iden-
tically for both the moving observer and the one at rest. Is there

any basis for doubt here? Isn't time the duration that is common
for everyone and everything?

Here lies the snag. We tacitly assume that time does flow indis-
tinguishably for all observers, What is it, however, which makes us
accept this assumption?

Itis our accumulated experience that does it. In all the situations
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of thinking, which had been building in science for so long and
seemed so unshakable.

The conclusion made by Einstein’s theory was as follows. If the
observer studies processes in a ‘laboratory’ that moves at high
speed relative to him, these processes unfold at a lower rate than
the same processes in his stationary ‘laboratory’. For example, a
clock on a fast-moving rocket ticks more slowly, the astronaut's
heart beats more slowly, all biochemical processes in his body are
slower, electrons in atoms oscillate more slowly, etc. Absolutely all
processes go at a lower rate, hence time itself has slowed down.
The higher the velocity of the spaceship, the greater the time slow-
down. As the rocket velocity approaches that of light, the rate at
which time flows tends to zero (time stands still) and all processes
become infinitely long. If the velocity is low compared to the Speed
of light (say, as low as our ordinary terrestrial velocities), the time
slowdown is so minute that it goes absolutely unnoticed.

The reader may have a suspicion that this slowdown of processes
is only apparent when an observer regards the rocket hurtling by at
ahigh speed. At different moments of time the rocket is at different
distances from the observer, and the light that carries the image of
processes on the spaceship to the observer, leaves the rocket at
different moments of time and covers different pathlengths to the
observer, thus taking different times to travel. Could it be that light
signals have different delays when they reach the observer and this
warps the true picture of what happens in the spaceship?

No, all that was said about time slowdown holds true for the
actual rate of processes and does take into account unequal retar-
dation of light signals arriving at the observer. In other words, this
Is the true slowdown of everything happening on the rocket as
recorded by the external observer.

This effect of time slowdown may be very difficult to be at ease
with for anyone who hears of it for the first time. I tried to sort it
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I was able to understand it all to my sa‘tisfactic?n.. 1 ':-;Lloizmm to
difficulties encountered in comprehending rel;;tn;t:t ) Whjd; rove
The next question is: are there any (?bservab.e abOdY? e
that time does flow less fast on a I‘a[.ﬁldl}-’ moving ents.m -
facts are known, and they are the weightiest argum
i ion of relativity theory. —
thllslf;)\ic?nslg)hasized already that time slmlfvdown becill;r;ess aezlzlrzf
i nly when the body moves at a velocity close to p t
e oo nergies would have to be expended to accelerate
. Eno?mous ech speeds, so this is unfeasible in terrestrial' c-on-
la'r!'ge boiizfnt:ni:ry particles are a different proposition. Physm(;sts;
;iel:ronr:s';o accelerate them a long time ago to neargz t;epiiiisszs
light in special devices called acceleratc_)rs. The study i
ir?volving fast particles completely confirmed the resuits 0
ity theory.
i at
an:vl: ::s ‘Z:arged pi mesons. These particles are ;ziti?me e
being created in certain processes, live only a very s

i d all

h particles are born an
usly decay. If very many suc b '
e i locities, one half of them decay In just se?'en
lled decay half-time.
of the survivors

ving at low ve
:;Ztin I;)illioiths of a second. This is the so-ca;l "
Seventeen billionths of a second later one ha
. S(?fon; mesons are accelerated to a velocity of 'about
HOWE‘:: (l)f Pt)he speed of light, then time for t11fam begins htio
oo lowly and by our clocks their lifetimes increase. This
%lowdmogilzs?arvzd in real experiments. The decay ha].t-"-ll:fe of thefsc;
e i rticles is found to equal thirty-nine billionths o
faSt-mc;) v:;ﬁclflais more than twice the decay half-life of pi mesons
second,

of the theory.

58

THE PACE OF TIME CAN BE SLOWED DOWN!

Another example. Particles with very high kinetic energy are con-
stantly arriving in our atmosphere from cosmic space. These parti-
cles are called cosmic rays. The interaction of cosmic rays with par-
ticles of the upper layers of the atmosphere creates a host of new
elementary particles. Among them we find the so-called muons.
These are also very short-lived particles. They decay after only two
millionths of a second. This is their lifetime when these particles
are at rest with respect to the observer. Having been created in
the upper atmosphere, muons may have velocities of about 99%
of the speed of light. If time for them did not slow down, they
would cover only about six hundred meters during their allowed
two millionths of a second. In fact, measurements show that they

traverse many thousands of meters before decaying. This happens

because time on such fast-moving particles flows approximately

seven times more slowly and ‘for us’ they live so much longer, hav-
ing time to cover such a long distance. ‘

I can give an even more impressive example. Among particles in
cosmic rays we find protons (nuclei of hydrogen atoms) that move
so fast that their velocities differ infinitesimally from the speed
of light: the difference occurs only in the twentieth (sic!) non-zero
decimal after the decimal point. Time for them flows more slowly
than for us by a factor of ten billion. If, by our clock, such a proton
takes a hundred thousand years to cross our stellar system - the
Galaxy - then by ‘its own clock’ the proton needs only five minutes
to cover the same distance.

The reader may counter that, well, this is true for the tiniest
specks of matter. But is appreciable retardation of time flow ever
observed in the motion of macroscopic bodies?

Yes, such phenomena are well known. They are ohserved by
astronomers. At the end of the 1970s, a group of American
astronomers headed by Bruce Margon discovered super-fast ejec-
tions of gas jets from a binary stellar system known as $5433. The
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gtars of this system, tied together by mutual gravitational attrac-
ystem lies

tion, revolve around their common center of mass. The s
at a distance of about ten thousand light years from the Earth.
(One light year js the distance travelled by light during one year,
usand billion Kkilometers.) Owing to com-

roughly, it equals ten tho
plicated processes that I will not discuss here, two powerful gas
jons at a veloc-

jets are emitted from the system in opposite direct
ity of about eighty thousand kilometers per second each. This is
almost a third of the speed of light! To give you some idea of the
power of the gas flows in $5433, note this figure: each second the

jets throw out @ billion billion tons of gas.

with the velocity being so high, time must flow in the jets several
percent slower than for us. This slowdown is not as dramatic, of
mentary particles, but it is appreciable and

course, as for fast ele
can be easily measured. The jets of ejected gas consist mostly of
ratory conditions

hot hydrogen. Hot hydrogen under terrestrial labo
emits electromagnetic waves of strictly defined frequency. If this

emission from hydrogen is analyzed by a spectrometer, one finds

that hydrogen gas emits in certain lines of certain color, which cor-
g electrons that

respond to well-defined frequencies of oscillatin

emit light waves.
As time 15 slowed down in the fast jets, the frequencies of spec-
tral lines emitted by hydrogen tnust decrease, and the emitted light
get redder. This is indeed observed.
Note that when the source moves with respect to the observer,
the frequency of light, thatis, its color, changes also for areason not
directly connected with relativity theory- This is the Doppler effect
that we all know from school days: as the source moves towards

us, the frequency of light waves received by us is increased and the

light grows more violet. If the source moves away from us, the light

is reddened. There is ne doubt that these effects are not connected

with the slowdown of time flow.

60

THE 3 g
PACE OF TIME CAN BE SLOWED DOWN!

The Dopple :
However Is}zs 2 effect is also observed in the stellar system $5433
' ystem is so structured ’
N that the directi ;
tion is co ) . e direction o G
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u : e
utiostol theqe i{lCYSC1lﬂngES. (I ignore the relatively low velocity C;
ntire 55433 system witl °
It is at thes ithrespect to the Solar S
i Se momer-Lts that astronomers observe the reddeis,tem.)
: pectral lines that is caused solely by ti ing of
owing to the fast motion. y time retardation
It should also b
: e mentioned that th
st ok B e slowdown due to f
placed on an 0:;1. measgre.d by a highly accurate atomic Cl;cslz
8 kel inary airline jet plane. True, some other sub
RS 1 s
ging the ‘ticking’ of the clock also h ubtle
account. o had to be taken into
We can summari
rize now. Howeve :
Einstein’s i r paradoxical we ma
i (;:Jn:luswn - that from the standpoint of an 3;;: e
ati ern
T \cflt: to whor‘n a body moves) time on this fast—mcwinal
by dir wn —‘ this has been conclusively verified and ;
e ect experiments, and is now beyond any doub o
ime is therefi . y doubt.
' erefore relative. Absolute time i ;
existent. e is something non-
We have seen al
ready that the speed ;
in Einstein's § peed of light plays a speci
netic oscillat'theory‘ This is the velocity at which all ell;_ctrzl o
o ions propagate through the vacuum regardl ;nag-
- Iro x €55 0 &
ey ;ntlov\lr frequency radio waves to visible light, to hifr:l
2 , to ultra-hard gamma radiati ' il
iatio i i
unchanged relative to any observer, o uclacliprematns
The theor )
ities allowedyi;tites that the speed of light is the largest of all veloc-
an excellent i ature. The Soviet astrophysicist A. Chernin fo
mage for this: "This is the absolute record of vEchl.ltm,j
ity
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i ated
What is the obstacle that prevents a body from being acceler

to a velocity above the speed of light? s subjected 10 2
Let us follow what happens to a body if it is

i d
ch continuously accelerates it to a greater an

constant force whi i

r velocity. Isaac Newton assumed that if the forc

B re an arbitrarily high

a sufficiently long time, the body can acqul o
itv. However, Einstein's theory shows that as ve (? grons
VER;::I;S the mass of the body, which is a measure of 1rllirt1a, tW ?h
SO lied. This gro
is. of the ‘resistance’ of the body to the: force app et
' ass is a consequence of Einstein's far:nous S -
Zi\;?valence of mass and energy. As velocity goc-efs u:;;?,i:::esl
kinetic energy increases, mass increases t(‘)o. B‘ut llmdecreases- ¥
the acceleration produced by the force inevitably A
the velocity approaches the speed of light, the massbg e e
i d no force can make a body overcon.le ‘the a e
lst;le:g of light. The speed of light sets the limit for the propags

issi informa-
tion of any field and, in general, for transmission of any

jon. - . 5
’ We should now look at another property of time discovered by

i si-

Einstein. Imagine a train traw:lingf alt1 a tvm::(l :lf: nsl;;t;crll. t?arz;hf?he

iat is standing at the midpoint of the trat | OF .
(;ltsl:el: physicisgt stands on the ground and the tf"mg ;sr;ugzzgtgi;te
Signal lights that can be turned on when require i
front and rear points of the flatcar. Let us conduc et
by switching on the signal lights in such a way that lig e
lamps reaches the ‘train physicist’ simultane(:usl?/ anh it
he is passing the ‘ground physicist’. Both the ‘train nlic:n o
the ‘ground physicist’ see both flashes at the same

S ing i i flat-
flri“he ‘train physicist' says: 1am standing in the middle of the

s simulta-
car at equal distances from the car ends. I saw the flashe
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neously and, since the speed of light is always the same and equals

¢, the lamps have obviously flashed simultaneously.’

The ‘ground physicist' comes to a different conclusion: ' saw the
flashes simultaneously, when being right against the midpoint of
the flatcar, with the lamps at equal distances from me. Light needs
some time to reach me, the train still moving during this interval.
Hence the tail lamp of the flatcar was farther from me than the
front one when light left it. Consequently, light emitted from the
two lamps covered unequal lengths (that from the tail lamp traveled
the longer path). The speed of light is always the same and equals
c. I saw the flashes simultaneously, so the signal from the tail lamp
must have been emitted earlier than from the front one. The flashes
were not simultaneous.’

We see; what was simultaneous on the fast-moving body, was not
simultaneous for the physicist on the ground.

The seemingly simple and clear concept of simultaneity of two
events is found not to be so obvious after all. There is no absolute
simultaneity. This concept is relative and depends on the motion of
the ‘laboratory’ body with respect to which we consider the events;
physicists say that it depends on the frame of reference.

If events are simultaneous and take place not far from one
another in space, even comparatively fast motions make them
non-simultaneous by only a tiny interval of time. In our day-to-
day life, therefore, simultaneity is absolute, obvious and indepen-
dent of any motion. For instance, the statement that a train left
the platform simultaneously with the clock on the town square

showing twelve o’clock sounds identical for all practical purposes
and perfectly clear to an observer parked close to the railway sta-
tion platform and for another who drives through the square. The
situation is very different for events that are separated by great
distances and regarded with respect to observers that move fast
relative to one another. For example, a statement similar to the
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earlier example, made by a person on the Earth - ‘A supernova

exploded today at noon in the Triangulum constellation in the
Galaxy' - may not be true for an astronaut traveling in a fast-moving
rocket.
Relativity theory has established that the notions of ‘now’,
‘before’ and ‘after’ have simple meaning only for events occurring
in the vicinity of one another. For events that are separated by huge
distances the meaning of ‘before’ and ‘after’, 'earlier’ and ‘later’ is
unambiguous only when a signal propagating at the speed of light
has had enough time to travel from the place of the firstevent to the
place of the second one. If, however, the signal is still on its way, the
‘before’-after’ relationship is ambiguous and depends on the state
of motion of the observer. What is searlier’ for one observer, may be
‘later' for another, moving with respect to the former. Such events
cannot be causally related, nor influence one another. Otherwise an
event that was the cause of another (and thus had to precede the

latter event) could be regarded by some other observer as having

occurred after its consequence.

Such properties of time are related in the most direct manner
to the fact that the speed of light in vacuum is always the same
and independent of the motion of ohservers, and that this is the

maximum possible velocity. Nothing in nature can move faster than

light in vacuum.
Finally, 1 shall mention one more corollary of relativity theory.

Fast-moving bodies contract in the direction of their motion,

while their dimension at right angles to the motion remains

unchanged. This contraction is absolutely unnoticeable at low
velocities but is large at velocities near the speed of light.

These consequences of relativity theory dramatically change our
notions of space and time.

A question is very likely to be prompted at this point: ‘What are

the feelings of an astronaut sitting in a rocket moving at such high
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velocities? H i

lerptn ow will he (or she) perceive the changes in tim

o at are apparent to an external observer?' e and
e answer i o118 '
P er is obvious: the astronaut will feel nothing at alll
o Of,th ar as the external observer is concerned, both the pul '
e U u
ellasal ﬂtShtronaut and the rate at which his clock is tickilf -
other processes, are g] i
) owed down to the

same degree.

7 l
T

each other as before. Say, 5

1 m B his heart still beats once each second, In
: as ‘proper’ time) ey i ‘
P erything proceeds
ik t zit rest. However, the flow of ‘proper’ time changed I?S
- e
o with respect to the external observer. It is thus cleg tli X
R ! ar
o aStrwel." does not flow at a permanent rate everywhere N
ronaut cannot discove .
- r the contracti
e : . ction of the longitudi-
oy 1—:smun of his rocket either, Indeed, any meter-lor . I
o : -long sti
lengﬂ:f " er rf:ference with which he might wish to meai -
will shrink equally and the number of such unit oy

along the contracted
rocket will b
up high speed. e the same as before it

lengths
picked

The astronaut has '
thus discovered i
; thing at all!
that his velocity » nothing at all! He does not f
B e locity is so high. Of course, this conclusion is in com lEEI
nt wi , e
t with the first postulate of relativity theory which Sf tte
ates

that everything in a fast-moving rocket ha

rocket at rest. ppens exactly as in the

Since unifo ion i i
-~ rmmotion is relative and there is ng absolute motj
na i o
. ut has every right to regard himself as being at rest|
- server on the Earth as flying in the opposite di ti
ermore, the astronaut ey
assumes that time tick
s more slowly

fl] te count r wi 11 relativ ]ld W dS§ most orgo tEll Wllat
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the opposite is true. Where lies the truth?-l can accept tltlztl (::Vn:fi
can slow down, although this is hard to du.gest. but hai 1[ e
down for the astronaut or for the terrestrial observe?r.. ? qhere
A. A. Milne's Winnie-the-Pooh, “Either a tail is there, or it isn t t u;
You can’t make a mistake about it.” There must be an unambiguo
his question!’ )
an:‘::i;ﬁ; thec:'e must not, however strange 'this maylfc()}u?clle.ol:
fact, this is not difficult to explain. For COfnpanson. .reca; 21 :) o
argument concerning the fall of bodie:?* in the cablrfl o athe e
ship. For a passenger in the cabin, an object released ronr:he e
falls straight down to the feet. For the ex-ternal. observ.er -
object moves together with the ship and its trajectc?ry 18;1 p e i;
One could ask: ‘Is the body moving along a. stralglht 1r.1e ot
tracing a parabola?’ Obviously, asking what is the tru(;: s;endps o
the trajectory is meaningless. The trajectory of. a body eperson i
what one defines it relative to. It is ‘truly’ straight forap eon
the cabin and ‘truly’ parabolic for the external observer. Ther
iction here. ' '
m‘I“:I?: ;:ﬂrcll:zci:lolds for time slowdown. Astronaut's time flows :Erultyl/1
slower for an observer on the Earth, while all e?fents on thtz1 .ngon
are ‘truly’ slower for the astronaut. Again, there is no contradi
here. This all follows from relativity theory. Bl
Of course, this is not very easy to digest. However, 1:sns *
theory is an inescapable corollary of experimental obserlva 10. m.Ot-
such situations it is useful to recall one of Sherlock Holmes mot
toes * When you have eliminated the impossible, whateveil re;r} " o,f
however improbable, must be the truth’ (Conan Doyle The Sig
FD:‘Q;}S& readers who have failed to achieve comp'lete clar;tly 11:;1:1:
diately, in understanding all this, need not desp!alr. After 1;19;1 .
discovery, even quite a few very prominent sctentists t’oo‘ e
while to come to terms with his theory. As for ‘average’ scien ;
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to say nothing of people not familiar with physics, they faced enor-
mous difficulties in accepting the ideas that virtually overturned
habitual notions. Many tried to uncover errors and contradictions
in the theory.

Attempts of this sort had not ceased even decades later. For
instance, in 1931, a quarter of a century after Einstein’s theory was
published, a book was published in Leipzig, entitled 100 Authors
Against Einstein. One hundred expert authors of the book com-
pletely rejected relativity theory and its corollaries. The legend has
it that when Einstein was told about the book, he smiled and, as
always phlegmatic in such situations, remarked that if his results
were wrong, the arguments of one expert would be amply suffi-
cient. (I retell this anecdote after the description in Introduction
to Relativity Theory and its Applications to New Technologies by
N.I. Goldenblat and S. V. Ulyanov (Nauka, Moscow, 1975).)

Of course, there are no contradictions in Einstein's conclusions.
For serious scientists, arguments against relativity theory have long
become pieces of past history. The theory lies at the foundation of

all modern physics. It is used to design gigantic accelerators of

elementary particles and atomic power stations; it was tested in
such monstrous experiments as explosions of nuclear bombs.

It should be mentioned that school and college students of today
usually have little difficulty in mastering Einstein's theory: they
achieve this with greater ease than physicists of the beginning of
the century and even people of my generation who were born closer
to mid-century. The reason for this is quite clear: the very style of
scientific reasoning has greatly changed as we have moved towards
the 21st century.

I have mentioned already that in times when new seminal ideas
are about to break through in science, it is typical for several scien-
tists to come very close to formulating the emerging relationships
and to interpret some of their properties. However, someone of real
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genius then comes up with the ultimate formulation of the new
understanding. This was the fate of relativity theory as well. Some
formulas of its mathematical equipment had already been writ-
ten in the last century, by the end of the 1880s. The Dutch physi-
cist Hendrik Lorentz and the French mathematician Henri Poincaré
came very close to creating the theory. But the hardest step that
demanded maximum CoOurage, one that revolutionized the notion
of time and space, was made by Albert Einstein. In 1912 Hendrik
Lorentz was reminiscing about his attempts even before 1905 (that
was the year in which Finstein's paper was published) to resolve
contradictions that followed from experimental results. He wrote
that in his paper written in 1904 he failed to derive in a complete
and satisfactory manner the transformation formulas of Einstein's
relativity and that this led to the weak and helpless arguments one
finds in his paper. Lorentz added that Einstein's great achievement
was that he produced the first formulation of the relativity princi-
ple as an all-encompassing, strict and accurately functioning law.

Another remark is in order here. Beginning in 1990, some
authors have tried to find a foundation for the rumor that Einstein's
first wife Mileva Mari¢ played an essential part in the creation of
special relativity. 1 do not think this story has any credibility at
all. I will quote the opinion of an expert in the history of science,
Harvard University professor Gerald Holton (Physics Today, August
and September, 1994):

Careful analysis by established historians of physics,
including John stachel, Jiirgen Renn, Robert Schulman and
Abraham Pais, has shown that scientific collaboration
between Mileva and Albert was indeed minimal and
one-sided.

The lively discussion of this topic that flared up at the beginning
of the 1990s was most probably caused by the thirst of a fraction
of the reading public for science-history sensations.
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