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Past World Views

ZAST

N FJ
TN D WITR mpg AT
ot oeﬁ NTITYEAND QVALII:GQ :’b%
e e
<P

€
I X,
"(:‘V POIR Op <

INNER PLANETS
Yertus and Mercwry

HAILAND

K g A RX
?n***'*****
r C e K x * % X A%

Hildegard von Bingen (1150) Thomas Digges (1576)

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut




Past World Views

TYPUS EMENDATI ET PERFECTIORIS
Systematis Mundi 3

Johannes Kepler (1596) Otto von Guericke (1672)
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Past World Views
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Past World Views

William und Caroline Herschel
(late 18" century)
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Past World Views

Messier 51

William Parson (1845) Modern Image (1991)
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Astrophysics Nobel Prizes

Hans Bethe
Martin Ryle, Antony Hewish
Arno Penzias, Robert Wilson

Subramanyan Chandrasekhar,
William Fowler

Riccardo Giacconi
Raymond Davies,
Masatoshi Koshiba

John Mather, George Smoot

Saul Perlmutter,
Brian Schmidt, Adam Riess

Rainer Weiss, Barry Barish,
Kip Thorne

James Peebles
Michel Mayor, Didier Queloz

Energy production in stars, nuclear reactions
Radio astronomy, pulsars
Cosmic Microwave Background

Structure of stars and chemical enrichment

X-ray astrophysics
COSMIC neutrino

Cosmic Microwave Background (COBE)
Accelerating Universe

Gravitational Waves

“theoretical discoveries in physical cosmology*
“for the discovery of an exoplanet orbiting a
solar-type star”
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Pillars of Cosmology
Relativistic Big Bang Cosmology

Relativistic Big Bang Cosmology

RELATIVE ABUNDANCE

1

[ I I |l
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Expansion Cosmic Abundance Structure
Microwave of light formation
Background elements
J. Liske
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Cosmological

Parameters

6000 ————— 1

5000 -

4000 -

3000 -

D, [uK?]

2000 -

1000 |-

Planck TT spectrum

80
40 s

09, [uK?]

I
I
—40 E=
-80 F

TUM WS19/20 Cosmology 1

n n n n n 1 n
1500 2000

2500

Planck

Parameter Best fit 68% limits
Q> . 0.022068  0.02207 + 0.00033
QR .o 0.12029 0.1196 = 0.0031
1000yc « oo oo et 1.04122 1.04132 + 0.00068
T 0.0925 0.097 + 0.038
Tl oo e e e e 0.9624 0.9616 + 0.0094
In(10"°4y) .......... 3.098 3.103 £ 0.072
Qa oo 0.6825 0.686 + 0.020
(. 0.3175 0.314 + 0.020
Lo S 0.8344 0.834 + 0.027
The v v e 11.35 11.43‘:3
Hy ............... 67.11 674+14
1004 .. ... 2.215 2.23+0.16
Quh?. . 0.14300 0.1423 + 0.0029
Qul®. ..o 0.09597 0.09590 + 0.00059
Ypoo i 0.247710  0.24771 +£0.00014
Age/Gyr ........... 13.819 13.813 £ 0.058
Db ve e 1090.43 1090.37 + 0.65
P e e e 144.58 144.75 + 0.66
1006, ............. 1.04139 1.04148 + 0.00066
Tdrag « + o v e 1059.32 1059.29 + 0.65
Fdrag « « oo v v ee e 147.34 147.53 + 0.64
KD oo 0.14026  0.14007 + 0.00064
1006p ............. 0.161332  0.16137 + 0.00037
Zeqe v vmme e 3402 3386 + 69
1006eq . . oo e 0.8128 0.816 + 0.013
Farag/Dv(0.57) .. ... .. 0.07130 0.0716 £ 0.0011

12

Wolfgang Hillebrandt and Bruno Leibundgut



Cosmological Topics

e (Cosmic expansion
— Ho, Qo
e [Expansion history of the universe
— age i,
e (Energy) contents of the universe
— baryons, (cold) dark matter, neutrinos, dark energy, ???
e Space geometry
— metric
e Formation of elements
— Big Bang nucleosynthesis = First Three Minutes
e [Formation of structure
— r (1/9)
e (Growth of structure
— spectral index
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Expansion of the Universe

CTHEIVECOCITY = DISTANCE RELATION: .
FOR EX'T‘RA GALACTIC NEBULAE
S VELOCLTY « L. | DISTANCE

KH

NGC 221

NGC 4473

NGC 379

Nebula (n

Ursa Major
CLuster

"Nebula in

Hubble 1936  ®™

ClLuster

14,300 miles per second ; 135,000,000 'nghtAyé&rt
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The Original Hubble Diagram
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A modern Hubble Diagram
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—Xpansion history of the universe

e Changes in the expansion rate
— influenced by gravity = geometry

— determined by the different constituents in
the universe

® neutrinos, radiation, baryons, dark matter, dark
energy, 77?7

e Sets the age of the universe
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—Xpansion History of the Universe
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Expansion History

e Note move from velocities

¢ introduction of the density
— Q (all) matter

to redshifts

pDarameters

— Q5 cosmological constant/dark energy
e tiny signal = big implications

e uncertainty in the data
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CMB and Geometry

25"

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut

21



Age and Geometry

recollapsing critical coasting accelerating
universe universe universe universe

future

present

Copyright © 2004 Pearson Education, publishing as Addison Weslay
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Cosmic microwave background

e nearly perfect blackbody radiation
e tiny (10> K) temperature variations
— Isotropy!

e signature of the hot phase of the (early)
universe

¢ fluctuations seeded by quantum
fluctuations during the inflationary phase

¢ depends on structure and geometry of
the universe
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Baryon density Q2
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Big Bang Nucleosynthesis

e Creation of the first elements
—H, D, He, Li, (Be

' ' 1 Legende 18
. = & Ordnungszahl Symbol Ordnungszahl Serie 2 He
Wassersioff - Helium
110079 schwarz = nicht radioaktiy O Alkalimetalie O Metalle 40026
1 Name.|1 H = radioaktiv O Erdalkalimetalle OHalbmetalle 2
2 \wassersioff O Ubergangsmetalle O Nichtmetalle 13 14 15 16 17
- Atomgewicht—1007a 1 Serie Symbol oL OHalogene
3 Lija Be| _ . 1 schwarz = Feststoff O Actinoide OEdelgase 5 B|6 c|7 N|8 ol9 F|10 Ne
] Lifium Benylium ektronen- - Ga: durchgehend = natiiriches Element Bor Kohlenswoff | Sicksoff | Sauersoff | Fluor Neon
26941 90122 guration e A . e 10811 12011 14007 15999 18988 20,180
r e e I n l | e : ; 2l 222 blau t= ment 25 20 25 26 2 28
11 Na|12 Mg 13  AlIj14  Ssi(15 P16 S$|17 cCI|18 Ar
Narium Magnesium Aluminium | Silicum Phosphor | Schwelel Chior Argon
3| 22990 24305 Gruppe 26982 28,086 30974 32065 35453 39948
2/8l 2182 283 2/8la 2885 2186 2187 2188
3 4 5 6 7 8 9 10 11 12
19 K|20 Ca|21 Sc|22 Ti|23 V(24 Cr|25 Mn|26 Fe|27 Co|28 Ni|29 Cuf30 Zn|31 Ga(32 Ge|33 As|34 Se|35 Br|36 Kr
é Kalum Calcum Scandium | Titan Vanadium | Chrom Mangan Eisen Cobalt Nickel Kupler Zink Gallium Germanium | Arsen Selen Brom Krypton
T 439008 40078 44,956 47867 50,942 51996 54938 55845 58933 58,693 63546 6538 69,723 7264 74922 7896 79,904 83,798
o 2/8/8i1 2l8l8r2 2l8k02 2/8i1012 28n12  |2l8n30 |23k |2enak  |2ehsk  |2ehe  |28h8n  |2shar  [2ehal  |28hsa  |2ehals |28k |28l |26nEs
37 Rb|38 Sr|39 Y|40 Zr|41 Nb|42 Mo Tc|44 Ru|45 Rh|46 Pd|47 Ag|48 Cd|49 In|50 Sn|51 Sb|52 Te|53 1154 Xe
Rubidium | Svonsum | Y&ium Zirconium | Niob Molybdan | Technesum |Rutenium |Rhodium | Palladium | Silber cadmium | ndium Zinn Ansmon | Tellur wd Xenon
5 | 85468 8762 88,906 91224 92906 9596 9831 10107 10291 10642 10787 11241 11482 1871 12176 12760 12690 13129
2lgiialell | 2/8nalkelz | 2lshaklz | 2l8lsi0r | 20818020 (2883 |2Mnsiar |2Meians |28/8ns | 268808 | 2688080 2lai1ah18% | 28188l | 2//18l1ale
55 Cs|56 Ba|57-71 72 Hf |73 Ta|74 W |75 Re|76 Os|77 Ir|78 Pt|79 Au(80 Hg|8l TI|82 Pb Bi Po At Rn
casum | Barium siehe Hahium | Tanal wolkam  |Rhenium | Osmum | ridium Platn Gold Quecksiber | Thallum | Blei Bismut Polonium | Asat Radon
6 | 13291 137, unten 17849 18095 L 18621 1 19222 19508 19697 20059 20438 2072 20898 209,98 (210) (222)
2l8lianal | 2nahsl 2811832/ | 28832 |28iam2l (268085320 |2lNai2l |2BAslk2l |28kl | 2l8ian2l | 2Bhak2 | 2808k (2lenasz |2lenasz |2mehak2l |28k | 218852
8L an 102 12 1212 132 142 152 17 1811 182 1853 18/ 185 1856 1817 1858
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus Uuo
Francum  |Radium | siehe Ruheriordum| Dubnium | Seaborgium| Bohrium | Hassium Damsadium Ununyium  [Femvum |t Livermorum |4 L
(223) 226 unten (261) 62) 63) 62) 265) 66) 269) (272) 77) (287) 89) 588) 289) (293) (294)
281832/ | 2/88i32! 218832/ | 2181832 2188kl |2BN8R2l |2enakar |2Bhasa |2ehaikz |2ehaik2 |2enssEe |2lensse | 2lensB2 |2lenskel | 2lensm | 28has2 | 2mehas2
18811 1882 321102 32112 |32M2k 0 |32M3R  |32iaR” [32is2 0 |320174 32/18l1 32ia2  |32018B |32018l4  [320185° (320186 a2nar | 32018k
57 La|58 Ce|59 Pr(60 Nd Pm|(62 Sm|63 Eu|/64 Gd|65 Th|66 Dy|67 Ho|(68 Er|69 Tm(70 Yb|71 Lu
Lanhan | Cer Praseodym |Neodym | Promethium | Samarium | Europium | Gadolinium | Terbium | Dysprosium | Holmium | Erbium Thulium | vserbium | Lutesum
Lanthanoide |13831 140,12 14091 14424 146,90 15036 15196 5725 15893 16250 16493 16726 16893 17305 17497
2/ahahsl | 2/8hahel | 28821 | 2/8h8l22/ |2M8N8R23/ (28824 |2/8hal2s! |2/ahals! | 2/8h8l27! | 2/l8h18k28! | 28118029 | 28118300 | 2/8118/31) | 2/8hal32] | 2/8hal32/
a2 a2 a2 a2 a2 ai ai a2 a2 a2 a2 a2 a2 an a2
Ac Th Pa U Np Pu Am Cm Bk cf Es Fm Md No Lr
Acinium Thorium Protalanium | Uran Nepwunium | Plutonium | Amencum | Curium Berkeium | Calfornium Fermium Nobelium
Actinoide | (227) 23204 231 23803 23705 (24420) |(24310) |(247.00) |(24700) |(25100) |(25410) |(257.10) 258) (259) (260)
2llalk2l | 2l8N8k2l | 28Nl | 28Nl | 2Bhais2l |2enska (2Mehssa |2shais2l | 2meislk2l | 2lensik2l | 2lensls2l | 2l8N8ik20 | 280820 | 2lBNals2 | 2l8nala2f
1882 1802 | 20002 21802 22802 2al82 25082 25802 25/102 288812 29082 300872 3182 32082 32802
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Large Scale Structure

12p

Sloan Digital Sky Survey
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Simulating the universe

z = 48.4 T = 0.05 Gyr

=
500 kpc
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Simulating the Universe
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Structure in the universe

e Forms out of the smooth background
e Growth of the seeds seen in the CMB

e Need of Dark Matter to form the
structure of today

¢ |s the universe homogeneous?

¢ [nteraction between baryons and dark
matter”?

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut
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Composition of the universe

Dark Matter

Dark Energy

ESA/Planck

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut
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Composition of the universe

o \V
o \V

nat IS

nat IS

Dar

Dar

e Neutrinos?
e Radiation?
e Baryons are ‘special’

TUM WS19/20 Cosmology 1

K Energy”?

< Matter?

Wolfgang Hillebrandt and B

runo Leibundgut
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Our current picture of (the history of) the
Universe
® © ® ®

Dark Energy

Accelerated Expansion
Development of

Afterglow Light Pattern ~ Dark Ages Galaxies, Planets, etc.
375,000 yrs.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

NASA/WMAP Science Team
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Our current picture of (the history of) the
Universe
® © ® ®

Dark Energy
Accelerated Expansion
Development of
Afterglow Light Pattern ~ Dark Ages Galaxies, Planets, etc.
375,000 yrs.
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Present

Fluctuations, W&

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
5 Years active: 1964-Now
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Understand the evolution of the

Universe

pinf
INFLATIONARY PHASE
. TOTAL COSMIC
- DENSITY
N
=
LU
=)
O P eq MATTER-RADIATION
= EQUALITY
S
O |PA
COSMOLOGICAL
CONSTANT
DARK MATTER
RADIATION
Padmanabhan 2015 SIZE OF THE UNIVERSE
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Forces in the Universe

e Gravity is the dominant force

e Nuclear forces only short range
— only importance in the very early universe

¢ Electromagnetic force is based on
charges
— In a neutral universe not iImportant
— magnetic fields!

e Need a theory for gravity = relativity

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 35



Metric

¢ \Why do we have to bother with the
metric”?
— Euclidian (flat space) is not good enough
e Reason: expansion of the universe

¢ Due to the expansion the coordinates are
moving

— need a translation from the coordinates to
the physical distances

e Example: coordinates on an inflating
palloon

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 36



Example of a moving
coordinate system

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut
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More formally

(0,0) (1,0) (0,0) (1,0) 0.0 (10
& $
I:I Physical Physical
" , Distance Distance
omoving =a(t -
Distance alty) =a(t3)
=1 Comoving >a(ty)
Distance L -
=1
N\
/
Time
TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 38



Calculating distances in general

e Simple example of distances in flat space:
e Coordinates x andy

e Distance:dF=dx+dy? (Euclid) R b
e Coordinates r and © tn
e Distance: dP=dr?+r? de? i Z ;

T

e (think of crane) or Earth and Sky 7

* In general: Wi i
(d)2= 5, g0 ad .

P S—

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 39



An everyday r-0 system
e\

‘i
‘V// ;s ‘ “ \

A AR s & l :
JE o ‘ et |
’ XU
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Calculating distances

o cxplicitly:
1 0 dx 1 O dr

— (I =(dxd —( ar d®
hy =(dedy)l oy )| gy 0 » )\ d®

e N 3 dimensions think of contour lines on
amap . e R e A

!

e X

o
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Calculating distances

* |[n 4 dimensions (with time as the Ot

coordinate) this becomes
3 v
ds® = EMV:O g, dx"dx" =g, dx"dx

using the (Einstein summation) convention
where repeated indices are summed

e or explicitly:
— Minkowski (flat) space

100 0| cdt
ds2=(cdt dx dy dz) 0 1.0 0 ) dx
0 01 0 dy
0 00 1)\ a

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut
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Calculating distances

e Expanding universe with scale parameter a(t)
(210 0 0\ g
0 a*(t) O 0 dx
0 0 a’@t O dy
00 0 4 )\ 4%
— called Friedmann-Robertson-Walker (FRW)
metric for an isotropic and homogeneous

universe

* s? is proper space and the metric g, is the
conversion from the coordinates adx*

ds2=( cdt dx dy dz)

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 43



Calculating a geodesic in an

expanding universe
e Simple case: Minkowski space (flat):

e movement of a force-free
particle (geodesic):

d2xt
d 2
e How would this look like In polar

coordinates? Fe

- X" = (id 2@) ; |

‘\\//7\7\ 4 |
] N

now dr’ ] =

% H

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 44
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Coordinate transformation

¢ need to transform to the polar coordinates
dx' ~ ox' dx"
dt ox"” dt

_ with %*_ as transformation matrix from one

ox'"’

coordinate system to the other

— In this special case:
e x'= x=rcos(0); x°=y=rsin(O)

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 45



Coordinate transformation

® Hence
1 1
axﬂ = 0x =Ccos® (9)62 = 0x =—rsin®
ox"  Or ox'= 00
2 2
axd = 9y =sin® ax,2 = 0y =rcos®
0x or 0x 00

e Putting it all together

2 1 - 2 .
ox' (cosx’ —x"sinx’ ) cos® —rsin®

ax'

sin® rcos®

sinx”?  x"cosx’

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 46



Back to geodesics

e Back to the geodesic equation (no force):

i dx’' _d ox' dx" 0
di| dt | dt|ox"” dt

® NOW USe
d [ 9x' _ d (dx' _ 0°x'  dx'"
dr\ox” | ox"\ dt ox"’ox’™ dt
¢ and substitute in the equation above
d| ox' dx" }_ ox' d*x'’ 0°x' dx™ dx’ _

0

. = +—
dilox"” dt | ox” dt* ox"ox"™ dr dt

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 47



... Some algebra ...

e (Goal: isolate the time derivatives

— multiplying with the inverse of the
transformation matrix 2| ({a—} )

ox'’ ox
¢ [cads to
N
dr?

ox 1\ 9°x’
({@} )i ax"9x’*
— introduce the Christoffel symbol
o)

ox’'
2 1l rk 1j
d x o T dx" dx _

iax”ax'k
a> " dr dt

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut

1k 1j
dx" dx _0
dt dt

)

0

e Finally
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(Geodesic

e (General equation of a freely moving

I 2 1l rk 1j
particle  d’x T dx'" dx _0

a> " dr dt

e Note I', =0 for Cartesian coordinates

¢ \We need 4 dimension (time and space)
and a new definition of time derivative

TUM WS19/20 Cosmology 1 Wolfgang Hillebrandt and Bruno Leibundgut 49



(Geodesic

e Use progress along path (here denoted A)

xXH(A,)
X"()\i) X /

Figure 2.2. A particle's path is parametrized by A, which monotonically increases from its
initial value A; to its final value Ay.

e (General form

d’x" = dx® dx"”

A2 P adr da

— moved to greek letters (to indicate the 4
dimensions)
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Christoffel symbols

e Can be derived from the metric

Fg/s=gw 98 ar +agﬁv —agaﬁ
2 | axf  ax*  ox”
-1
uv _
* Note & —(gw)
e Examples:
-1 0 0 0 -1 0 0 0 1 0 0 0
o 1ro0oo0| o~ |0 a 0 O w_| 0 a® 0 0
Sl o010 % o o0oa o] P Tlo 0 4 o0
0O 0 0 1 0 0 0 4 0 0 0 a
Flat space (Minkowski) (smooth) expanding universe
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Why all this?

We now have a general form for the force-
free movement of a particle for any metric.
Since the universe is expanding, we can
now translate the metric (coordinates) into
our physical universe. Einstein realised that
the metric relates to matter and energy and
hence we are half way to understand the
dominant force in the universe.
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Einstein’s Fleld Equations

e Gravity described by the geometry
(metric) and the energy-momentum

1 StG
Guv = Ruv B EguvR - - Tuv
- with G, as the Einstein tensor, 3, the Ricci
tensor, R the Ricci scalar (R=g*'R V)
G Newton constant, ¢ speed of Ilght and 7,

the energy-momentum tensor.
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The Energy-Momentum Tensor

e Use the form for the ‘perfect fluid’

(pc®> 0 0 0)
v |0 p 0 0

0 0 p 0

0 0 0 p)
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Recap Einstein Equations

e (Gravity is the dominant force in the universe
- (General Relativity

e Need the most general form of the metric =
transformations between coordinate
systems

— find ‘invariant’ parameters

e Equation of motion for a force-free particle
(¥ = 0) in GR leads to affine connections -
Christoffel symbols

e Putting this together with the geometry and
the energy content = Einstein Equations
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Einstein’s Field Equation

e The (time) evolution of the scale factor
depends only on the time-time
component of the Einstein equation:

1 811G
Ry, — =8y R = 1
2 C

— Too=pC? (energy density)

TOO

. 1 3 [a
— time ,Oal’f ROO — EgOOR — ; (g)

a
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Friedmann equation

¢ [he equation governing the expansion of
the (flat) universe Is

(g) = H'(0)= 22 p(0)
e and dividing by the Hubble constant H,
H _P _o
H(? pcrit
3H§ -26 3
_ wi = ~10"kg/
with Lerie = o~ g/ m

* p(t) includes all energy forms in the
universe
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Curved geometry

e Consider the spatial part
dl* = dx*
¢ [his Is invariant under translations and
rotations of the coordinate system

dli’ =dx*+dz>:x*+7°=a’

e This is also true for the hyperbolic case
dli* =dx* -dz>:x*-7"=a’

e rescale with x’=ax and z'=az
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Curved space

® gives

dl’ =a’[dx’ +dz7° ;72" £x° =1

e Differentiating z> =1¥x° gives zdz = FxdX
¢ d’=a’ [a’xz : (de)z]

1 ¥x°
e and in general
di* =’ [dxz ok X }
| - kx
¢ Wlth 41 spherical
k=4 -1 hyperspherical
0 flat (Euclidian)
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Curved space

¢ [he line element becomes

2
ds” = g, dx"dx" = —c’dt* +a’ ()| dx* +k iXde)zz }

e The elements of the metric are then
L]
8w ="1 &,=0; 8ii = a’ (1) 51']' +k - } X.\

1-kx?
e Consider polar coordinates Ao S

d
7

. S i X
dx’ =dr’ +r? (d02 +sin’ Hdgb) AN

Z

¢ leads to

ds® =-c°dt’ +a’ (1)

dr’
1 —kr*
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Curved space

e \\ith the (diagonal) metric

2
a” (1)
800 8r | — 172

e (Going through the same steps again to
calculate the contributions in the Einstein

equations and then determine the
Friedmann equation for curves space

a k 8aG
t—=——p)

2 2
a- a 3

800 = a’ (t)r’; 80 = a’(t)r’sin° 6
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Gravity in Einstein’s Equations

e Consider an enclosed mass N a sphere

M) =22 px =2 p(0r' (1= 2L p(o)a (0

— here we converted the fixed density in
comoving coordinates first into the density In
the observed coordinate and then replaced
it with the expansion factor

— in principle this resulted in p, = p(t)a’(¢)
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Gravity in Einstein’s Equations

e Acceleration of a particle on the surface

of the sphere is
d’r _ GM(x) _ 4aG pyx’

r()——= 2 2

dt’ r 3
— NOW USe r(¢)=a(r)x 10 change to the

expansion factor

Lo _ 4nG p, _ 4nG
() == Wi p(na(t)

e [his is the gravitational part of the field
equations — GR modifies this part
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Friedmann equation

e [ime evolution of the scale factor is
described through the time part of the
Einstein equations

e Assume a metric for a homogeneous and
isotropic universe (metric is diagonal in
polar coordinates) and a perfect fluid

a\' k 8xaG
(_) + > = p(t)
a 3
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