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Early Development
of the Universe

BiG BANG

Before recombination
w 9 NI é& ! yAiAJEeNs
w | ATK (SYLIS
C Electrons are not in atoms
¢ Photons interact with them
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Cosmld\/llcrowave Backg rounc(CI\/I B)

formation of atoms
~380000yearsafter BB
orX ® oMyegarsagd!

TULIE

Discoveredn 1965
Smallanisotropiesdiscoveredn
1992.Thesearethe sedesof all

structurein the Universe
Themostprecise
measurement®f cosmological e ght wee
parameterscomefrom the CMB

The Cosmic Microwave Background Radiation's
"surfact of last scatter" is analogous to the
light coming through the clouds to our

eye on a cloudy day.

MAFP990053



CosmiaMicrowave Background CMB)

Ingredients:
Thomson scatteringfore O2f f A dA 2y a

General Relativity

:
| Physics of recombinationept | b
.
| Boltzmann equation

Neutrinos = Metric + ComptonScattering

= Metric +
ComptonScattering+ Weakinteraction

= Metric + Weakinteraction

= Metric + ??

Eleclrons R assssmmsmeed Prolons

Scattering



Discoveryof the CMB:
Horn antennafor radio waves

ArnoPenzias
y Robert
Wilsonof Bell
Labs (1965)

Low and
permanent
noisein the

receiver

Accidental
discovery




National Historic Landmark  (1988)




The frequency spectrum:
A perfect black body at 2.725

The Universe was in thermal
equilibrium before
recombination:The collision
rate was much larger than th
expansion rate
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On the CN non-discovery

I m;.ﬂﬁ?ﬂ:'-'rw
oy

|Lowro .
(1)
1'»""'\#;-.4&,“'"
3874.8 38864 3890.2
Plate 3 of Adams (1941, ApJ, 93, 11-23)
Herzberg (1950) in Spectra of Diatomic Molecules, p 496:

“From the intensity ratio of the lines with K=0 and K=1 a
rotational temperature of 2.3° K follows, which has of
course only a very restricted meaning.”

There went Herzberg's [second] Nobel Prize.
Slide from Ned Wright



CMB Temperature .vs.

arXiv:1012.3164 [astrph]
A&A 526 (2011) L7

1 =-0.0070.027:

2.0 2.5 3.0

COBE COMoleculelines

SZFEffect O Catomlines




COBBatellite

Launchedn
1989, fora4 e
yearsmision Pes:?,%‘:.';'snir%hi‘:a'"_; &t

rEC L RIRAS

DMR Antennas

A high preC|5|on T
MEASUIEMENE - pupioyavis somr ranss
oftheCMB = N\
temperature
(1990)

5 Earth Sensors :

Flrstdetectlon
of anlsotroples
(1992)
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FIRAS detectorfTemperatureof the CMB
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DMR detector: CMBluctuations

Corrugated
Antennas

|  Fraguency
" Convertsr
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| Enclosure
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A Big Media Splash in 1992:

25 April 1992

Prof. Stephen Hawking of Cambridge University,
not usually noted for overstatement, said: “It is the
discovery of the century, if not of all time.”

Slide from
Ned Wright




DT = 3.35mK

DT =18 pK

Dipolar anisotropyfrom the
movementof the Earth

VELOCITY COMPONENTS OF THE OBSERVED CMB DIPOLE

wenn SOlarSystemv = 36& 2 km/s
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Planck:Themost recent satellite

May 2009¢ october2013
More preciseghan WMAP
Ableto measurepolarization
Arrivedat L2 inuly 2009.




ThePlancktelescope

Mirror of 1.5 mdiameter
2 instruments High (> 100 GHz) almlv ( < 100 GHAyequency




The Cosmic Microwave Background as seen by Planck and WMAP

Finalresults
publishedl7
july 2018

Highest
precision
confirmation
of  CDM

Planck



¢Howarethe dataanalyse@

Map of the full skyin Aitoff projection




StatisticalProperties

Expansionn Spherical
harmonics(Fourier
transformin the sphere
Quantifiesthe clusteringin
different scales

T, =2.726K

nep)=T()qT,

100
Multipole moment 1



Cosmologyfrom CMB

Measuretemperaturedistribution (fluctuationg

Builda mapof the anisotropies

Obtainpower spectrumfrom the map
Fitcosmologicaparameterso the measuredoower spectrum




Spherical harmonics:

Spherical version of sine waves
=1

by Matthias Bartelmann



=2

by Matthias Bartelman




by Matthias Bartelmann




by Matthias Bartelmann




by Matthias Bartelmann
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by Matthias Bartelmann




Higher | means smaller scales;/~
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Map reconstruction
=1

by Matthias Bartelman



by Matthias Bartelmann




by Matthias Bartelmann




= 1- 4
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by Matthias Bartelmann




=15

by Matthias Bartelmann



I=1-6

by Matthias Bartelmann




=17

by Matthias Bartelmann




= 1-8

by Matthias Bartelmann




To higher |

by Matthias Bartelmanmn




Original map

by Matthias Bartelmann
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PLANCK 2018

26.60+0.73 %

Dark Matter

Dark Energy

68.47+0.7/73 %






Summaryof the formation and evolution of
structure in the Universe

Photons
freestream
Inhomogeneities
turn into
103°s ~1C years anisotropies
Quantum Perturbation
Fluctuations Growth Zeeion Ko W
during Pressurevs.
Inflation Gravity Matter
V() Ky, K, K., T perturbations
growinto non-
linear structures

observedioday



Fluctuationsare small We can useperturbation

theory gw(m ) (n) + 59#!/(77: )

= G
2 typesof perturbations metric perturbations Tw(n,x) =Ty (n) + 0T (n, x)

densityperturbations
= @, 0pm, 0Py

Remember Spacetimdells matter how to move,

Wavelength A [h-! Mpe]
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Matter perturbations

Usenewtoniangravity

dp
0t+v (pv) = 0

v 1
— -V = ——Vp— V¢
v + (v v ; i 0

Vip = 4rnGp.

Sincedarkenergyis smooth(has nadfluctuationg, only radiationand matter are includedin the
eqgs

3regimes

U << 1ltheotyi near

u fieedsdecificassumptiongl. e. sphericalsymmetry

u >> -inear reginme. Solvenumerically, simulations (alsohigher order perurbations)

In general: Universeis lumpy on small scalesand smootheron large scales’ consider
Inhomogeneitiesas aperturbation to the homogeneousolution



Matter perturbations
p— p(t)+op=p(t)(1+9)

P — P(t)+ 6P Linearizinghe equation:

u—alt)H(t)x+ v . , 2,
d — d(x,t)+ 0. 5+2H5:4WG005+$V05

Usingthe Fouriertransform, we canwrite egs Forthe Fouriermodes
d(x,t) = Z Ok (t) '™

k
| -
() = / 5 (z.1) T @y

2 2
k=c:
P

5,\7 4 QH(.SA; = <477Gp0(t) — ) 0. Forbaryonicmatter

O + 2H ), — 471G ppm (t)or = 0 Fordark matter



Matter perturbations

We canlinearizethis equationbecauselis verysmall. Thelinearregimeis veryimportant:

A Onall scales primordialfluctuationswere extremellysmall U << 1.0Onall scalesthe seedsof
structureformationwere linear

A Thelinear stageof structureformationis a relativelylonglastingone.

A Onemayalwaysfind largescalesvherethe densityand velocityperturbationsare still linear.
Todayscaledargerthan ~10 h' Mpc behavelinearly

A CMBmeasurementhaveestablishedhe linear densityfluctuationsat the recombination
era. Bystudyingthe linear structure growth, we are ableto translatetheseinto the

amplitudeof fluctuationsat the currentepoch and comparghesepredictionsagainstthe
measured_SS ithe Galaxydistribution

(5(X, t) _ IO(X7 720 (_t)pO(t)



Matter perturbations

Matter DominatedUniverse
Lineargrowth

5 _ ' + B(.I’)t_l Structure formation is only

possible in the matter
dominated era

RadiationDominatedUniverse
0p(t) = A+ Blnt No significantgrowth

LambdaDominatedUniverse

) = + B(;U)e—QHt Frozenfluctuations



Matter perturbations

2.2
Baryonphoton fluid s - k Cy
Jeandength and scaledfor collapse Op + 2H o), = (47TG/;O (t) o CLQ* Ok

GRAVITY PRESSURE

Jeand_ength Botheffectsare equal k a \/47TG /5 Jeans
—>4 ", A Oscillatingsolution J = ag C wavenumoer
S
’ _ A7 Jeans
—<4 ', A Perturbationsgrow )\J _ k_ wavelength
J

the perturbations grow exponentially (if no expansion) with time or oscillate as sound wave
depending on whether their wave number is greater than or less than the Jeans wave nun

For k > kwe have sound waves, for k swke have collapse. The expansion adds a sort of fric
term on the lefthand side: The expansion of the universe slows the growth of perturbation:
down.



Matter perturbations: dark matter

CMB showshat at z~1100perturbationsare of the order 10°. If they growast ~ #/3 , then for
z=0they grow a factorof 1000,becomingof the order 1%A NOT ENOUGH!!

DARK MATTER ROLE

A Dark matter is not coupled to <+
photons. m;

A Density fluctuations in dark matte S o
can start growing from the start of fgu 2 Bhot

. > - otons
the matterr-dominated era m ~ E’_ S Baryons 1
3300). > - CDM
U) ~—

A At the time of decoupling, the o o ]
baryons fell in the prexisting e T ]
gravitational wells of darknatter S 10'_6 1(;_5 | "i'g_gl = 1"(';_,'3 ' 10‘_2 ' 10’_1 —
and the baryon perturbations gre\
from there. (1+2)7 "

A This explains the observed
structure. A LSS requires the
existence of dark matter



Matter perturbations: Comparingthe theory to the

A Galaxy surveys provide galaxy
maps.

A Similarly to the CMB, we Wag_gﬁ‘;f -:_
to study the statistical 0.40

properties of thedensity
fluctuations

A Since the maps are in 3D, we
use Fourier transforms and the
power spectrum:

Vv
2x)’

5(r) = [b.e™ I’k

P(k) = (16, )

4.5

log,, P(k) / h™®Mpc®
4

3.5

+« CMASS DR9
. + ——best—fit model
x*=81.5 / 59

0 0.05

log,, P(k) / P(K)gmootn

-0.05
T

L L " 1 L " L L 1 n L " S

log,gk / h Mpe™?



Matter perturbations: Compatingthe theory to the
observaiions

Inflation as primordiaberturbationsgeneratorA Iinitial perturbations
are Gaussianl hedensitycontrast! isahomogeneousisotropic
Gaussiamandomfield (Fouriermodesare uncorrelated

|lts statisticalpropertiesare completelydeterminedby 2 numbers mean

andvariance Thevarianceas describedn termsof afunction calledthe
POWER SPECTRUM

\ <5(/§)5*(E’>> — (27)*P(k)ép (E ~ /?) w

Theinitial power spectrumhasthe HarrisonZeKlovichform:
0(Q © Q ,n.~1Spectraindex



Matter perturbations

Thefull power spectrumshape



