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z=1.012 (57%)
z = 0.454 (34%)

Hubble space telescope




REDSHIFT & SCALE FACTOR

. Scale factor a(t) is related to the redshift !

o Measurements mvolve redshlfts and radlant fluxes of dlstant objects

Wav_elengt'h of a receding object is stretched out. .. S e
4 e i time of observation
Sretching factor: « . :‘7“0‘7“6 _ Ao =1 it
£ W : 7\:e - 7\'Je
S LA DR
LR O
Ae a(.t-e»)
time-ef‘emission_ L
. ‘I b v B .
1+z= (1+ ))/ = z~— (v << C) .v.= Lorentz factor =

+ U. atredshift z — U. of size 1/(1+z) with respect to today



 REDSHIFT & SCALE FACTOR "
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The very distant Universe
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| 50 objects with z > 8
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'CMB: _C_osmi'c.Mi_cr.oyv,ave..Background radiation

-

UNe)Y fa¢tor-1000 smaller than today!



LUMINOSITY DISTANCE
' ACosmoIo’gi'caI distances are rneasured with Standard Candles -

Standard Candles are sources of known size or Iummosﬂy (rad. power) »

. g Cepheid stars (< 10 Mpc) SNla (50 800 Mpc)

Lum|n05|ty dlstance connects’ observed energy flux to luminosity bf SE

ad

) i £ iy ' L. o F energy flux
Nearby object# . s . .0 .0 e te Sl L: luminosity

o T | R 41rd?

5 e it d: distance

Far away in an expanding U:

e Al photons redshlfted 0)Y (1+z) e W fiecs o L nng

. Time btvv photons |ncreased by (1+z) o Amdgps? (1+2)?  4md;”

2 g oo—.mo\/ing'-d'istance

Luminosity distance mmmmmm) a measure of cosmological parameters!



SUPERNOAVAE TYPE 1A :

'Motivation:' If we could f|nd Standard Candles with 10%. precision at z ~

T | 05we could. dlst|ngwsh betw models dominated by Q, orQA

§ SNla can be o"t')served up‘-’to.z? 1-(80;0 Mpc) wr e
o . i e | SR e SRR

. sl}lla are binary star system with a white dwarf:

. Aceretion up to mass limit of 1. 38 Mo

e Merger starts run- away- fusion from C up to Fe

0% Peak Luml correlated w. decay time: 10% preC|son in LSN

A technical detail (of ancientgreek origin) : . e R

HE . :
Weber-Fechner: Atiessiilly = =2 5l0g (LZ) m, , : apparent “brigntness”‘ atly, -

-qumology:' m-—M = 5log(d-L) +5 _....With Stand. Candle at 1 Mp'c

e app. abs. magnitude =

App. Magnitude of'sun e ‘ | ....the fainter the object the larger m-M



~ SUPERNOAVAE TYPE 1A

V Band

as measured

My — 5 log(h65)

'
@

Caan/Tolkolo SNe la

0

light-curve imescale
“stretch-factor™ corrected

Near SN at known'distances

_Abs. 'magnitud-e related to decay time |

-

Correct M by “stretching factor”

Same abs. magnitude M after cor_re_ctioh

-

Far SN: get redshift from host galaxy

-



mag. residual
from empty cosmology

effective mp
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29 __ Supernova _

Cosmology

I Project ]
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: 2003 | | i .
18- - ' .

guéiﬁi'f'ﬂlﬂ]u : SN Cosmology PereCt ¢ - 12 SN
- ‘High z SN Search :
16 - ' :
| atz =0.5

-[4 1 | 1 1 | 1 1 I 1 1 1 | 1 1 | R > » . 9
10 ————————— ~ 50% fainter than for Q-=1, Q, =0
G.E:— —: Qup, Q4 |

E E (0.25.0.75
0.0 PF= e -~ - ] : &

L A A At 10.25.0 Best fit:
O 4 1. 0 ' | . -
'|.E| : L | . . | . , ] , , . | , , : Qm — 0-25, QA — 0-75

0.0 0.2 0.4 0.6 0.8 1.0
redshift 7




' PHYSICS NOBEL PRIZE 2011 -

““ora the dlscovery of the
accelerating- expansion of the:

.. Universe through obseTvatlons of .

. distant supernovae”

» Y .

“dark energy [..] is an enigma,
.p.erhaps the greatest in physics today

.

S. Perlmuttef B SChmidt 5 ARless

Rldlculous smaII value: ‘A ~1.3x1052 m2 -

o

A 0 more natural

or rldlculously much Iarger ’) :

- important at beginning of U. and in future - »

QFT prédiction: ‘p' ~ 10%. gcm i | W G
s = Factor 10122 off |

From A‘observed: p .. ~ 103t gem= . . : 2

-

Cosmological constant problem
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Dark energy




A C_OSI\/II_C COINCIDENCE ?

.o #Qm"+’£2r +QA =1 QA~ €y just now??

S. Weinberg:
"« A~1020x smaller than

predicted by partlcle
physics!

~* A ~10xlarger than todays
~ value —» Catastrophlc ;
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inflation! |
«" Other regions, other U. in
| . a Multiverse with different
| Planck scale EW BBN E Now ' .QI and fundamental
; ; 20 o constants? | '

log(a) « Anthropic principle?

Do we live in a special time?



Radiation temperature, K

THE THERMAL HISTORY OF THE UNIVERSE
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Expansion factor a/a,

DenSity of b’Iaék body radiation ,(Stefan-BoItzm'ann) :

Density p, g/cm?

Hot history of
the Universe! (o

pr o<

-

pr(t) = Pr(to) <

-

a(ty)=1

pr( 0)
a(t)*

o ,t.‘z

r()_




~ THERMODYNAMICS-OF THE UNIVERSE

" ....is a simple* description prssibIé? Yes, if
a K
ba{/C/}j,

-

- there is thermodynamic equilibrium — very frequent collisions

. “evolution of U - seduen'ce of e"qUiIib'rium states T(t), p(t), p(1), S(t)
~* Local énergy conservation in 'Cb-rhOVing volu'me S = const.

. 'I'hteraction rate of constituents 7"= n-o- v (n# - denSity)

L

Thermal equilibrium when 77 >> H (int. rate larger than expansion) -

*S. Weinberg: (in therm. equilibrium) “the U. is simpler and easier to describe than:it ever will be”



~ THERMODYNAMICS-OF THE UNIVERSE

- * Thermal equilibrium when 7" >>H (rate larger than expansion)

: ...t'ypicaIIyT (t) decreases faster than H(t) Y-
- particles will leave equilibriUm... are “frozen out”
“frozen out” particles are the dominant r_hatte‘r content of U now

~....and -then we have phaée transitions!

~ Phase transitions happen =

1eV=104K
.+ when T (eV/c?) < mass of particles e |

. When T (eVi/c?) < binding energy ( latent heat)



TIMELINE OF THE UNIVERSE
1030 m I T T I
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1 O] 5 ¥ 101ls 100 GeV
kT electroweak phase
trapsition=hy;z=D 3-30 min 0.1 MeV Big
(eV) 105s 100 MeV QCD - Bang Nucleosynthesis
1010 — phase transition to hadr
“
1s 1 MeV neutrinos 300 000 yr 0.1 eV radiation
decoupling & baryonic matter separate
105 ul atoms and the CMB forms
50 000 yr (1 eV) matter

overtakes radiation
40 Myr (102...102eV)

400 Myr (102 eV) reionisatio first structures form

—

10 Gyr 1(03 eV) expansion

accelerates (dark energy) | 4 13-14 Gyr (103 eV)
| | | | ] L | present day

10°° 104 100 1020 1010 1010 102
b (s)




THE 2.7K COSMIC MICROWAVE RADIATION (CMB)

1965 accidental discovery by A. Penzias & R.Wilson (1978 NP)..

" Perfect and isotropic black bo_dS/ spectrum of 2.725+0.001 K ; .

8mh | f3df
¢3 exp(hf/kzT — 1)

Energy density. .

%
% Curve: 2.726<K blackbody
% Crosses: COBE FIRAS data

e(fHdf =

erg/cm srosec

Preservation of bb-spectrum if f &T scale with &
(1+2); ' '

Explains low temperature today — matter
. & radiation @ 2K are not in equilibrium!-

10
Frequency (em™)

Earlier U.-very much hotter — thermal
equilibrium of matter & radiation

CMB is a “relic radiation” which you could
see as nojse at home on a CTR TV!!!

.

U. Is expanding! First proof of hot BB-theory
...a revolution in cosmology



THE ANISOTROPY OF THE COSMIC MW BACKGROUND

Imaage of early Universe imprinted on temp. anisotropy of CMB

AT/T = 10

Planck 2013

» 300 ky after BB photons decouple from matter T = 6000 K
= before decoupling: plasma oscill./ of photon-baryon “liquid” - sound waves
= CMB: snap shot of sound waves when rad. decoupled

= Today light red shifted by 1/1000 —» 2.7 K
= Smallness of AT/T — visible Universe once causally connected — Inflation!

= Image of quantum fluctuation at 101° GeV



GEOMETRY OF THE UNIVERSE

PZAN S\
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OPEN FLAT CLOSED



. Angular diameter of the moon
.

: X Expansion in spherical
' harmonics of CMB temp. field

-
¥ .

*Multipele development < angular
scale ' .

» | number of cycles in the sky
"0 =rx/l
1 IPeak S 20O \/Qtot. ' .

| ook = 197 £6 (0.99)
1

»
01‘

Anisotropy Power (uUK?)

Multipole moment (I

: ) -
Curv*re of Universe: Q.
“Cosmic variance”’_ ’

(only one Universe) , Baryon density small: ©,




PLANCK RESULTS:
Q. = 0.989+0.02

Q. =0.049 +0.007

Q.. =0.262 +0.007

Q, =0.69+0.02

Hy,=67.311.2 km/sec/Mpc HsT.

T,= 13.81 £0.058 Gyr

Other :

Inflation : Q..=1

BBN: Q, = 0.039

clusters of galaxies, grav. lensing

hot x-ray gas : Q. =03
$ . - .
! Q, =0.7 ,

SNla —-redshift:

HST:
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' BIG BANG NUCLEOSYNTHESIS
-+ Corner.stone of B’B’cosmole.)gy — ret. abundance -of ZD, ."‘He,?He, 4B

e 'n, pinthermal equil. e.g. : n + vy,op+e untlT<0.8MeV (1 sec)

 Later expansion rate > interaction rate Fo<

ad

(MaxWéII-BoItzma'nn)

Dyshit % 4P Y. T  But 109 y/p and important high energy tail in y- di'stri.bution
D+ p —>3He+y | |
3He + 2D — *He +p > :
2D+ 2D.» 3T +p .|
3T + *He - “Li'+ Y. )

Nuclei broken apart again by photo-fission until T = 0.06
MeV (314 sec) - : g |

* ...in the meantime neutrons del'cay' with © = 824 SEeC

-

314 sec s
N, 1 314s 1
—(314s) == — = —
(314s) = g exp < ggas) 73 |8
« ~ Since all neutrons end up in #He: - - T N o+ N 0.24 rel. abundance



QB FROI\/I BIG BANG NUCLEOSYNTHESIS

. “He D, 3He 7Li (0 24, ~104, 10, 1019)
~+ no nuclei with A =5, 8 end of BBN

. heaV|er nuclel in stars @) t P 10 My

) i\® "BBN abundanées depend on:.
. -« #of neutrino flavors — exp.rate

—
9
N

HELIUM
o upy Or L) -

@ S Sen Y Tandpy

I’ .
/1 HELIUM 3 'L|ght el. abund. conS|stent over O(9)

Wlth

Q, = 0.04 +0.007

w
QO
=
<
(=
=
e
@
<
w
=
-
<
w
(44

b
o

0.01 0.1
DENSITY

Non-baryonic dark matter! |/



TIMELINE OF THE UNIVERSE

30
10 T l T l 1 1
10435 10'° GeV Planck scale 8 :
TN o .
10%° L quantum gravity: =i B Rad. dominated U:
c— )
cl®©
oS MeVA 2
____________________ _1013.10%s T £ ¢ e
1020 L 103,103 5 e i 3 /1'1103 106 GeV S1S T
10%...10% GeV > .~/ ibaryogenesis? |
flation? . S14£ | (1MeV = 1.16x101°K)
2 ©l!©
1015 | 101s 100 GeV :' x| =
kT electroweak phase ,: |
transition M,,, =0 \ I . :
' I 3-30 min 0.1 MeV Big
(eV) 105s 100 MeV QCD | - Bang Nucleosynthesis
1010 — phase transition to hadr
.
1 s 1 MeV neutrinos 300 000 yr 0.1 eV radiation
decoupling & baryonic matter separate
105 ul atoms and the CMB forms
50 000 yr (1 eV) matter
overtakes radiation
40 Myr (101...1022eV)
1 400 Myr (102 eV) reionisatio first structures form
10 Gyr 1(03 eV) expansion
accelerates (dark energy) | 4 13-14 Gyr (103 eV)
| | | | | | | present day

O o geR=aygee” 4gRe 3 aetv ¥
texp (S)



© THE MATTER L ANTIMATTER ASYMMETRY ~
| Suppos_e: e ' i : | :
+» U..started With'eq'ual abundance e+, e”,q,q... > C&CP symmetry.
- q, — p P, in perfect sym. equal amount . - ' | L
+ at some po.i;nt'U too cold for .pﬁ = 25 'A(Ey <m, ..due to e>b<p'ansion.)‘. ;
L pH+poyty .. D P depléted
-~ Later. | -
et et Sy t ete™ depleted

Only y's remain!

*."...unless at some moment excess of protons!

*

Another unsolved question: where did the entropy at the beginning come from?



-

 BARYO -/ LEPTO - GENESIS -

‘U expands adiabatically — net # of particles Constant — S constant

‘Today:  10°%%y/p " 10%p/p -
A | 10 particles (y,....) in Universe > ~10€p to a8
e TR : "P\/e_
3 cbnditions to create baryon asymmetry * | . cHl % i 2
« - Violation of B # conse'rvation_ [Np = Np| =0 - i o /\ :
ko> ‘Violati,on of CP symmetry CP|p > - |p > e s y
D'ev_iation of: strict thermal equilibrium | T i Violates B, L -
. o _ | LD st
One possibility: new interaction — with lepto-quarks X | e
.;.protbn' should be unstable...T,, >103%y - : “

*A. Sacharov (1967), S. Dimopoulos, L, Susskind (1980)



TIMELINE OF THE UNIVERSE
1030 m I T T I

—
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'8 |
25 ® o
107 |- £l
cl®©
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1020 L 101:.10%s T110% - 10% GeV S5 T
103...10%6 GeV = ~~~" /' ibaryogenesis? AR ”
inflation? ,'II I. '6 : % (1M€V = 1.16x10 K)
N G <
1015 W 1011s 100 GeV :: o |=
kT electroweak phase ; |
transition My, , =0 \ I . .
2 | 3-30 min 0.1 MeV Big
(eV) 105s 100 MeV QCD | - Bang Nucleosynthesis
1010 — phase transition to hadr
“
1s 1 MeV neutrinos 300 000 yr 0.1 eV radiation
decoupling & baryonic matter separate
105 ul atoms and the CMB forms
50 000 yr (1 eV) matter

overtakes radiation
40 Myr (102...102eV)

400 Myr (102 eV) reionisatio first structures form

—

10 Gyr 1(03 eV) expansion

accelerates (dark energy) | 4 13-14 Gyr (103 eV)
| | | | ] L | present day

10°° 104 100 1020 1010 1010 102
texp (5)




PROBLEMS WITH BIG BANG THEORY

‘1) Flatness problem

any deviation from Q,, = 1 grows |Qtot 2o 1|' X t_1/2, LM
o tBBN ligee o _|Q,':-O,t - 1|.;< 1078 N A t
te:W~ 1012 sec |th 1] '<1073° <

2) Horrzon problem. . ;
how to explaln the |sotropy of the CMB

3) Rellc particle problem b T CI';/IISB LSS: Qf -
GUT-theories predrct Iarge abundance of heavy ARATE
paMicles = e.g: magnetlc monopoles

' - . y Rhor
Causally 'conneo_ted :
Mpnm = O (10% GeV) — non- rel. during rad-era ’ '

...would have domlnated radiation era

4) Large scale structure problem

* how to explain the observed Iarge scale structure in the galaxy drstrlbutlons’?



INFLATION

A. Guth 1981: Inflatlonary expansmn of U. at GUT scale

netefs) ""?;:fc';f'y ‘e Scalar fleld creates a "cosm. constant”

—r  ee—

exponential growth of space
;6 ~ ~ 60 e-foldings w/in 103 sec
* Like super-cooled liquid =+

Obsarvable - Phase transition (lat: Heat) creates
' particles

All curvature smoothed out

 Relic particles diluted

¢ Quantum fluctuations — seeds of-
later large scale structure



