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STR (nerazlikovanje inercijalnin sust.)

OTR (nerazlikovanje inercijalnih sust.
od sustava u slobodnom padu)

= STR: kontrakcija duljina, dilatacija vremena

= OTR s “jakim principom ekvivalencije” savijanje
zraka svjetlosti, usporavanje vremena u
gravitacijskom polju (BeG 3.3)

m Vjezba 2.1 :
Mjera jakosti gravitacije (brzina oslobadanja)
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Slabi | jaki
oblik principa
ekvivalencije

= Geodetska jednadzba i
usporedba s
Lorentzovom silom

m Vjezba 2.2: prikaz
slobodnog pada u
opcCim koordinatama i
Newtonova granica
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Od OTR do
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Einsteinova
L4 0 Einsteinov suvewir (1917)
kozmoloska . T e g sipoln i

uz2 do&oj:me Fvei:rosiauke SIMETRIDA 2
= d n adiba ® HOMOGENOST & |2ZOTROPNOST
je u omi«s‘sz VJewvdee astrowowms o
hawao. §1‘T6\~5¢.\ /R saz‘:‘wv\.j« 3 Pre)’?\ﬂéMJS},
@ STATIENOST

L~ ow..oauéowcx tzolivanfe
vienwanslee (A:ovd—tuu-‘, 5

ds®= c"dit - oL,\Jc\x*dxj (%3 5425)
bﬁt‘ [!bog 0\9\'092&05‘1)
F dbdst (hog drsbwpnask)
Nodabie . Einslemov izbor 3-D prostova |
' P

° ZATVORENCG
vodi ne odabi  3-D povrsine 33
(Povr§v'v~¢ Y- lm‘laexs&uc r\LJaJusa S)
Adove Salao“w (w \(ax(zz—‘\)exnu\ ’Lcov.)

(R # (Rarb s ) 8 L= §2

L Nowliba £33 ket

tlatd . 3l 2a i (k=2-d)
ey it Yl‘l;;éuewno“c"‘ wlenv§. |



Einsteinova
3D hipersfera

& N s{:im
na Stc\t.
rjesenr«

( Lms’[emovu
Vla)"ec(»\ Za‘oowlo\

nje

ckowm

)

Pﬁje@u%om na. koovdinak unwhou tmwiim

Xy= S s 0 X ¢W
X4=SSM'LCO$1} L\ & T

Xg = S smx sinl cos P

[aVANY
Xy = S sm A S$imd siue o<y w

ZL»O% zovo.  wwaslimo  0-D fﬁnnw ="
—> 1D Prosfov Ao';rjemo oo voluwuwen
dLvenm revoluei J'ow\ te Fow{:‘v\g

.)' g»—,_?(,,, SS dv LT
| i ngy
Opsey eowbov (=
=5 Sor&v gn Sv

do"= " (dat + siwtx de?)

fnterred LlML;li/W na Fb‘u S
dot=S [_411 +om X (Cl'l" +$:w‘z’l)<l‘(’ )J

2G| To b (et g .
as'= Cw& —de*® f\
-—5&)[ +r dﬁ'{-siuﬂd‘ﬂ] AN

"k\f
k....A )

\

V

\OOOT S(‘b 5)



" S
Svodenje gravitacije na
zakrivljenost | Einsteinova
gravitacijska jednadzba
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10 jedn. polja
- 3 pogleda na Einst. jedn.
- Newtonova granica N
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4 jedn. gibanja (BeG App. A)
Usporedba geodetske jednadzbe i
Lorentzove sile
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Tvar bez gibanja ...
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Gibanje bez
tvari

O de Siler-ov svewmiv (1913

Su\\om{)w Eiwsteimovon o&e}a\nmju y
\je.«lwul@lu; OTR o\ajb\ \rjes“wje AN
Fros{ov-\)ﬁjeue bez m,)éevv:je ( T =0)

— s dwterpalon
R
a_ ¢ _HQR’" A{z_ R
st (4~ M
C‘l
vera : ~R(dVY swdep?)
2
~-3H L
5 25

P'r“\n‘cluo swtul-re ™ Svew

—> Wo V1A Wovd«'uu‘iwka (tg\f,d\(e)
ﬂ

L t 2H£ ] ] 3 1 v 2 R
dstz ctdit = e [dvt +v* (42 rsiwvde )J

W —

otlerivu rnv(-w Jt"ra\ ﬂ:‘mbwshﬂ/ Erjv

Se PYD'Y‘I'UW clﬂ, yuur;.&k‘j'e : &
roelda 0l ”El’us\[&'nuve ‘l:vuun Lu. %.-Lq_»j‘a ")
ovdje je mijes o " qphasn Lex boui " (@dinghd

ey




Svodenje gravitacije ha geometriju

General Relativity : the simplest relativistic theory of
gravitaty consistent with data. Gravity described as a
geometric property of spacetime.

Metric: allows tfo compute distances between two points
ds®=g, dx"dx"
g, : metric tensor ds?: line element, invariant
in special relativity:
ds®=n,,dx"dx" =c*dt*—dx*-dy*—dz°
=c?dt? —(dr? +r* (6% +sin6?dp? )
N, : Minkowski metric
in a particle's rest frame:
ds=c dr dt : particle proper time



Metrika idealnog Sireéeg svemira

Friedmann-Lemditre-Robertson-Walker (FLRW) metric :
metric for a spatially homogeneous and isotropic expanding
universe, with scale/expansion factor a(t) and curvature k

2
ds’ :czdfz—a(f)z[ i

12 +r° (d6’2 +sin® Bdp® ))

N

expansion factored out 0,0 spherical comoving

/—/(f)sd(f) expansion rate or coordinates:
(i} Hubble parameter r . dimensionless &

H,=H(t,) 1,=today stationary wrt expansion
k, gaussian curvature:
closed flat
universe universe un?\egpse

@ =

k=+1 k=0
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Sugibajuéa i fizikalna udaljenost

. _ar .
Introducing dZ:W to account for curvature :

time

| %

Ay=3 O(t)=a(t)Ay
Ay=3 D(t)=a(t)AyzD(1)
a(t): expansion factor
x: comoving coordinate, stationary wrt expansion
D(t): proper/physical distance Ay: comoving distance



Hubbleov zakon u FLRW

metrici
3o 2 2 442 2 ar® 2 2 .2 2
FLRW metric: ds®=c*dt*—a(t) 2" (62 +sin? 6dp?)
ds?=c?d#? —a(t)?(dy? +r?(d6?+sin? 6dyp? )
(siny k=1
r=f(y)=< ¥y k=0
shy k=-1
Hubble's law:
ab . a(t) aD
—a(HAy=>""=a(H)Ay=""" E=H®D(t
D(t)=a(?) Z:)df a(t)Ay a(f')D(f)jdf’ H()D(1)

Particle trajectories :

ds°=0 geodesic equation (shortest path in three-
space and maximum proper time)
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Vjezba 2.4

Crveni pomak pri Sirenju fotona

1, observation foday
- emission

d0.dp=0. ds?=0—T_ €

dt a(t)
}c;df "?“Cc;a’f 7} cdt ’jca’f ’*f/cca’f % cdt /10 Az
Ae= ra(t) raca(t) rca(t) rat) & a(f) & a(7") A G
—11z= 0 light from distant
ﬂemrrred A(Femission)  sources is redshifted



