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assumptions on which the special theory is based: the
principle of relativity and the absolute constancy of
the speed of light. Let us now look at some of the
implications of these two seemingly simple assump-
tions.

Time Dilation

Let us imagine the construction of an ideal clock. Of
many possible designs, we shall choose a clock con-
sisting of two parallel mirrors and a pulse of light
reflecting back and forth perpendicularly between
them. We shall count each time the pulse passes from
one mirror to the other as a “‘tick’ of the clock.
Because light travels at an absolutely constant rate,
by carefully standardizing the spacing of the mirrors,
we can agree that all such clocks should keep identi-
cal time.

On the other hand, what if an observer is moving
very rapidly to the right with respect to us, carrying
her two-mirror clock with her? Further, suppose her
direction of motion with respect to us is parallel to the
surfaces of the mirrors (see Figure 14.3). As far as she
is concerned, her clock, in her own system, is at rest,
for there is no experiment by which she can detect her
own motion. Consequently, as far as she is con-
cerned, her clock is operating normally, with the light
pulse reflecting perpendicularly back and forth be-
tween the mirrors. But as we see the situation, her
clock is moving rapidly to the right. Therefore, the
light pulse is not bouncing simply- back and forth
along a single line but is following a slanting path. In
other words, we see the moving observer’s light pulse
traveling farther between ticks than she sees it travel-
ing. But according to the principle of relativity, she
and we agree on the speed of the light pulse, so we
must conclude that the interval between her pulses is
lm between ours. Her seconds appear to
us to be too long, and her clock is running slowly. On
the other hand, she, aware of no motion on her part,
argues that it is we who are moving to the left, that it
is in our clock that light travels on a slanting path, and
that it is our clock that runs slowly. Each of us insists
that the other’s clock is slow.

By isolating a triangle in Figure 14.3, with the most
elementary algebra we can see by how much we
disagree on the rate of passage of time. As far as our
moving friend is concerned, she is stationary, and the
light pulse has traveled vertically from A to B at a
speed ¢, and the time it has taken to do so is 7. Since
distance equals rate times time, the distance from A
to B must be cz. But we see the light taking the
slanting path AC and requiring, at the same speed c, a
longer time, ', to do so. Thus we say that the pulse
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FIGURE 14.3 The light path in a moving observer's “ideal
clock.”

traveled a distance c¢t’. Meanwhile, our friend with
her moving clock has gone from B to C. If her speed
relative to us is v, and since we think it takes her a
time ¢’ to get to C, we calculate that the distance BC
must be vt'. The theorem of Pythagoras for right
triangles tells us that

2402

P = it - vt
from which we find, upon solving for ¢,

T
Va = Vi)

Thus what the moving observer thinks is an interval 7,
we see to be a longer interval ¢, and it is longer by the
factor 1/V(1 — v¥/c?). She, of course, regards her time
infervals as normal and ours as too long by the same
factor.

Which of us is right? We both are. Time really does
move at different rates in two different systems in
uniform relative motion. We simply perceive time dif-

ferently. Time is not absolute. Each of us has his or

her own private time.

t

Reality of the Time Dilation

The stretching out of time between observers in uni-
form relative motion is called time dilation. It is not
some artifact of the clock we choose to construct. Itis
a very real thing. All processes slow down in moving
systems. Mb\"jngigbservers actually age more slowly
than we do.

Nature provides a spectacular example of time dila-
tion. The upper atmosphere of the Earth is con-
tinually bombarded by cosmic rays—atomic nuclei
moving at very nearly the speed of light. When a
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Razlaga raztezanja (dilatacije) Casa
v SRT z “idealno svetlobno uro”.
Nota bene: hitrost svetlobe c je
konstantna, vselej ista!

|zraCun “relativistiCnega faktorja”
Y (gama), tu razmerja med tin t
je racunsko sorazmerno preprost:
dobimo ga s Pitagorovim izrekom.

Faktor y je ze pred Einsteinom dolocil
Hendrik Lorentz, po njem imenujemo
prehode med relativistiénimi koordinat-
nimi sistemi (ali referenénimi okuviri)

v SRT Lorentzove transformacije.

|z knjige: Abell, Morrison, Wolff,
Realm of the Universe
Sauders College Publishing, NY, 1994.



Einsteinova razlaga relativizacije simultanosti (dveh dogodkov A in B)
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FIGURE 3-1. Einstein’s Train Paradox illustrating the relativity of simultaneity. Top: Lighi-
ning strikes the front and back ends of @ moving train, leaving char marks on both track and train. Each
emitted flash spreads out in all directions. Center: Observer riding in the middle of the train concludes that -
the two strokes are not simultaneous. Her argument: (1) I am equidistant from the front and back char
bzmmtandard speed in my frame, and equal speed in both directions. (3) The
flash arrived from tie front of the train first. Therefore, (4) the flash must bave left the front of the train first;

the front lightning bolt fell before the rear lightning bolt fell. I conclude that the lightning strokes were not
simultaneous.” Bottom: Observer standing by the tracks halfway between the char marks on the tracks ~—~_
concludes that the strokes were simultaneous, s:nce the flashes from the strokes reach him at the same time. _—"
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Dogodka A in B,

ki sta simultana
(istoCasna) za decCka
ob progi, nista
simultana za deklico
na hitrem viaku —
zaradi konstantne
svetlobne hitrosti c.

|z knjige (uCbenika):
Taylor & Wheeler,
Spacetime Physics
(1992)
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Neformalna razlaga relativizacije mase in izpeljave enacbe E = mc2.
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“Svetlobni stoZci” (iz knjige: Stephen Hawking, Kratka zgodovina ¢asa)
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CHAPTER2  FLOATING FREE : brosti padee (*lebdenje*)

/SAME BAIDN

SAME PLACE
SAME TIME

1 ——
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FIGURE 2-4. I/lusion and Reality. The same ball thrown from the same corner of the same roors in the
same direction with the same speed is seen to undergo very different motions depending on whether it is
recorded by an observer with a floor pushing up against his fezt or by an observer in “free fall’’ (“free float”)
in a house sawed free from the cliff. In both descriptions the ball arrives at the same place—relative to
Mother Earth— at the same instant. Let eac) ball squirt a jet of ink on the wall we are looking at. The

: : : g ey sl o
resulting record is as crisp for the arc as for the straight line. Is the arc real and the straight line illusion? Or

is the straight line real and the arc illusion? Einstein tells 75 that 1he two ink trails are equally valid. We
kave only to be honest and say whether the house, the wall, and the describer of the motion are in free float or
whether the describer is continually being driven away from a condition of free ﬂoat by a push against his
ﬁ’et Einstein also tells us that physics always looks simplest in a free-float frame. Finally, he tells us that
“every truly local mamfe_rtalzon of “gravity”’ can be eliminated by observing motion from a frame of refereme

that 15 in free éoqt
Vv To:, ler 3, Wheeley ; "gyac.e‘l‘\'w pk73\‘cs“ ( “’f?—)

concern is not far to seek. We experience it every day, every minute, every second. We
call it gravity. It shows in the arc of a ball tossed across the room (Figure 2-4, left).
How can anyone confront a mathematical curve like that arc and not be trapped again
in that tortuous trail of thought that led from ancient Greeks to Galileo to Newton?
They thought of gravity as a force actmg through space as somethmg mysterious, as
something that had to be * ‘explained.” =
“Einstein put forward a revolutionary new i !
ﬂg—r—e_[mhe— cause of the curved path o 2 Is it th a.ll’ Is it some
mystenous force of gravity'"? Nexther Emstem tells us. It is the fault of the_viewers
— and the fault of the floor that forces us away from the natural state of motion: the
state of free fall, or better put, free float. Remove the floor and our motion
immediately becomes natural, effortless, free from grav1tat10nal effects

Einsteinovo “nacelo ekvivalence” (1911)

kot temelj sploSne teorije relativnosti (GRT, 1916):
“eliminacija gravitacije”, tj. izenaCenje
gravitacijske in inercialne mase oz. redukcija
teznosti na pospesSene referenéne okvire

|z knjige: Taylor & Wheeler,
Spacetime Physics (izd. 1992)
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ass 141

4 o (Eg,d 3 . v gravitacijskem polju in rakete, ki
terms of an acceleration, )we can deduce that pro erties v . v
normally associated with motion are also properties of | © pospesuje v brezteznostnem prOStorU
ravity. Thus we know that a ray of light which enters |
our accelerating lift horizontally will leave the lift at a point
in the opposite wall slightly below the level at which it
entered, because during the time the light travels from
wall to wall the lift moves upwards (Figure 8.2). The |
principle of equivalence tells us that the same behaviour
will be observed in a stationary liff in_a_gravitational
field. Gravity bends light. Gravitacijo akrivi Sarele..
The equivalence of pure gravitation and an appro- !
priate acceleration leads to bizarre predictions. Imagine
a space laboratory orbiting close to a large mass (for
comfort, a cooled star) where the gravitational field is
intense. They carry out experiments in physics, which we
can observe from our relatively gravitation-free observ-
atory. The principle of equivalence, explicitly states that
the physical situation would be the same if the gravi-
tational field did not exist and the space laboratory were

subject to an_equivalent_acceleration. If indeed the §

Figure 8.2. Equivalence of acceleration an- gravitation. "
i Ekvivalewea perpeile w. yravitaes e
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llustracija iz knjige Stephena Hawkinga

Accelerating lift, Stationary lift,
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Gravitacija kot ukrivljenost prostora

Taylor & Wheen
282  CHAPTER 9 GRAVITY: CURVED SPACETIME IN ACTION
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t_'./\“tﬂ/\ ?‘-CA& ',"’ ',"I f 19,990 kilometers P° v"s'iu‘ { "c’) ('F ‘\
9\/{ e [REA b oS AR

A )Q V’\r g[,gu(‘,%u e o 20 kilemeters : FIGURE 9-4, Travelers A and B,

starting out parallel and deviating nei-
‘ther to the left nor to the right, 1everthe-
less find themselves approaching each
other after they have traveled some dis-
tance. Interpretatiod 1;)Some mysterious
force of “gravitation’ is ar work. Inter-
M:a@ They are traveling on & |

curved_surface. Figure not drawn 1o \

scale,

20 kilometers

Geodetka je najkrajSa razdalja med dvema “dogodkoma” (A in B) v poljubno
ukrivljenem prostoru (ij. posploSitev premice iz evklidskega na neevklidske prostore)
in obenem najdaljsa razdalja med A in B v ¢asu.

Poti svetlobnih zarkov so “niCelne geodetke”.
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Einsteinova razlaga gibanja planeta
okrog Sonca: planeta ne drzi v orbiti
neka “misteriozna sila”, ki naj bi
delovala skozi prazen prostor (kot
pri Newtonu), ampak planet “prosto
pada” (ij., sledi svoji geodetki) v
ukrivljenem prostoru-Casu, ki ga
ukrivljajo same mase in/ali energije
(v tem primeru Sonce).
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SPloinn obliha T slavich § euaclo fo: Vesolje v orehovi lupini (2001).
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Prvi dokaz veljavnosti Einsteinove sploSne teorije relativnosti (1919)
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40 S. Hawking: KRATKA ZGODOVINA CASA
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