" cho of the Big Bang




CODBE. (1992):

'Jo]'m Mathcr i.‘:.":g
DIRBE: temperature, SR=
blackbody -
*(George Smoot
DMR: fluctuations,

cmbryonic

structure

@
o

~ Normal
_ galaxies

Modern
universe

NN E—
13.7 0] 0:7-0.4
Age of the universe (billions of years)




(osmic Microwave Backgrounc!:
Some Facts

Radiation ]:iclcl of the Univcrsc:

0) Discoveredin 1965 (5crcnclipitously) by Fcnzias & Wilson,

*  Thermal radiation pervading throughout the whole (niverse

e As yetit has a temperature of

T,~2725 K

1) By far CMDB photons represent the most abundant species in the (Iniverse:
n,~ 415 cm?

- Forcompar‘ison: nY/"B ~ 1.9x 109 M (second: cosmic neutrino’s)

- Stellar Photons: ncgligiblc m (intcgratccl over all stars at all times 1)

(_osmic Microwave Backgrounc!:

5ome f:ac‘cs




(osmic Microwave Backgrounc!:
Somc Facts

7Y CMB higl-llg (imPrcssivcly) lsotropic:

~in each direction on the 5‘43 the radiation has almost cxactly

the same tcmpcrature/intcnsity

- temperature anisotropies VERY SMALL, in the order of

[ AT 1o ]
‘

~for comParison:

8) T|1c c|cctromagnctic sPcctrum of thc CMB F]:_RF]:_CTLY
Tl‘rcrmal Blackbodq (most accuratclq measured Bb spectrum cver):

pl AT 1
“ ap(—) -1




(osmic Microwave Backgrounc!:
50!116 Facts

6) CMDB photons [_ast Scattered
379,000 yrs. after PBig Pang

ataredshift z=1089 (je. expansion factor a(t)=1,/1089)
7) Following the - Decoupling of Radiation and (Baryonic) Matter
- Recombination [ydrogen Atoms

(as protons and electrons combine)
8) At recombination T ~ 3000 K: the (CMDB) sky would look red
Since then, graclual cooling of radiation t]’:rough cxPansion Universe:

- cosmic redshift P[’lotons

9) The CMB Photons created at much earlier cPocl': il
| ast surge: Positron~clcctron annihilation,

1 min. after Big Bang, redshiftz~ 10?

(_osmic
Microwave Background
g

ICOBE. (1992):

Accuratc measurement

Hanck sPcctrum CMB

First detection angular

tcmPcraturc Pcrturbations

0 ~ 79): Sachs-Wolfe effect




(_osmic
Microwave Pack
COBE (1992}

l"OUﬂd

[ Deployable Sun, Earth,
. AF/Thermal Shield 3
Thrce instruments: : . DMR Antennas

Fl RAS Matl‘rcr
Fa r~l nfrared Absolutc i "-.____

Daployable Solar Panals

SPcctroPhotomctcr

DIRBL : Hause
Diffuse InFrarccl bac‘cgrouncl '
E_xPcrimcnt

b
=M E Sanson
e Earth Sensors

Daployable Mast -

5, . .\\\
DMR: Smoot s 3 ™\ WeF Omni Antanna
Differential Microwave L et

Radiomctcr

Spec’crum
Blackbody Radiation

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE

DIRBE -
re, blackbody

ratclg measured

dy Spcctrum

5
$
5
E
s
2
&
@
T

=]
F
[]
$
£
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Frimordial Anisotropics

CMDB sky

COBE-DMR Map of CMB Enisotropy

Gcorgc Smoot

Fluctuations,

cmbrgonic structure
North Galactic Hemisphere South Galactic Hemisphere

-100 K N 1 +100 4K

Primordial Anisotropics

CMD sk

—

(= f
Qiisorz=Rw)iioct

IDIVifie

e :arlg Z-yEar| CQ:D_I:_ 1z

>
Neise, naZey Mz 4




K69 to the ( Jniverse

CMB Radiation, the cosmic radiation field of the (Universe,
Cosmic | reasure | rove:

1)} Direct Probc of Thermal State of the car|3 Primorclial Universe,

the (Iniverse before Dccoupling:

u’timate Proof Kealitg of Hot Big Bang
2) Direct reflection of Primordial Structure of the Universe,
the Embrgonic State

of all Structure in toclay’s Universe

3) Through its 5iml:>|icit3 (lincarity) the ultimate diagnostic tool for
measuring the {_Iniverse:

Cosmic Faramctcrs

‘1') Link on carlg decisive thothctical/thcorctical ( t~10 10 SeC)

]mqationary E_Poch

T he Simplc ( Iniverse:
(_osmic

Geomctrg & Expansion




Hubblc Expansion

.-. " - y iy
i 5,’7:'/5'6’[//[/5’ WEDIIIES :‘FC/%//C CQ/’/F/EM/‘
Gl

Il parier e sirletligRaRie s
cyryed gpeceiinz becomes foes oF Jfr///f/

HElTN.




Q,>1
K=+1

(Scomchy
of the

(_Iniverse
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4 I | T ]

Dark Matter + Dark Energy
effect the expansion of the universe

Q. Q,

3 - 0.3 0.7 ==> Our(niverse ?
0.3 0.0
1.0 0.0

 instein-de Sitter

Universe 7

Relative size of the universe
3% ]
[

-10 Now 10 20 30

Billions of Years
MAFS20350

Gcometrg & Dgnamics:
I:rieclmann~Robertson~Wa”<er~Lemaitrc

( Iniverse

T hree factors (interrelated) determine | volution & [Fate (Universe:

]) lee energy content of the Urx iverse:

cosmic (cnergg) densitg: ,O(t)
2) T he curvature k
5) Thc cosmologica] constant A




Dgnamics:
Fricdmann~Robcr'tson~Wa”<cr~Lcmaitrc

( Iniverse

Cosmological (cncrgg) densities are tﬂpica”g in the order of
that of the critical energy dcnsitg of (niverse. Currently,

H‘2
350 _ 187018 x 107%g cm ™3

F)C?"@ﬁ‘? = 8?TG

Gcometrg & Dgnamics:
Fricdmann~Robertson~Wa”<er~Lemaitrc

( Iniverse
[ volution & [Fate of the universe determined bg one major factor:
a=_P _ &G p
— o 2
Perit 3H
Curvature determined by the Energg Densitg
H*R? |
k= 5—(0-1)

12



Gcometrg & Dgnamics:
IFriedmann-Robertson-\Walker-] emaitre

( Iniverse

I volution & [Fate of the universe determined 133 one mafjor factor:

O — P _ 87l p
Perit 3H2

Total energy densitg the sum of various contributions,

Qtat — me.};tter + Qrad + QA

(£ Cosmologg: -

“quest for two issues”:

ontent & | arameters
C ’ L

13



T he (niverse;

W!ﬂat it consists of

The total energy content of Universe made up bg various constituents, main ones:

/ matter m baryonic mattch
m m dark matter

radiation

Qtot 9)

Pl‘lotons

Q.

ra

neutrino’s

\_ O, | Enenersy

Jn addition to the constituents mentioned in the cliagram, there are contributions bg
e.g gravitational waves, magnetic fields, etc. However, given the poor constraints on
their contribution henceforth we will not take them into consideration.

T he (niverse;

What it consists of

Composition Heavy
of the clements:

0.03%
Cosmos e

neutrinos:

0.3%

o ctars:
1 0.5%

Free hydrogen
and helium:

L L

Dark

matter:

30%

Dark

., -~ ERETgY:
MASAN. Riess — = 65%

14



.incrgg ]nvc—:ntorg

1 dar| 0,954 £ 0,003
1.1 0.72 + 0.03
1.2 0,23 + 0,03
13 <107
2 primeval thermal ren nts 0.0010 £ 0.0005
1 elec tic radiation 1= 3E00

2 e 10— 0£0.1

3 nuclear binding energy 10—4-120.0
3 L0454 0.
1.1 e 0,040 + 0,003

1.1a 1 regions of galaxies 0024 = 0.005

iLlb i 0016 + 0.005
3.2 0.0018 + 0.0007
3.3 spheroids and bulges 00015 £ 0.0004
3.4 disks and irregulars 0.00055 £ 0.00014
3.5 white ¢ ris 000036 4+ 0.000058
EXD nentron stars 0.00005 4+ 0.00002
.7 black holes 0LO000T = O, D002

1.2 substallar objects 0.00014 + 0.00007
3.9 HI + Hel 0.00062 + 0,00010
3.10 s 0.00016 4 0, 00006

111 w-*

312 105 6£0.3

3.13 10541 4 ¢}

4 primeval gravitational b 10— %101
1.1 zed halos of galaxies 10-7-2

1.2 1= 69

1.3 1092

]:ukugita & [ eebles 2004

(_osmic (_onstituents

The energy content of the ( Jniverse may be broadly divided into

various classes, dePendent on how their energy c]ensity evolves in

time. | he three most imPor'tant ones are:

. Mattcr:

e Radiation:

. Dar|< ]:_ncrgyz
-

Pm X ﬂ’(t)_g
Prad X a(i)_4
a(t) 2% — p =wp,

P

I <= |

PA

w=—1
cst.

\

J




Concordancc Parameter Value Description

Basic parameters

“Va n fl la » Ho 70.912 3 kms™ Mpe! | Hubble parameter
(oY 004—’14t::§:i§ Baryon density
Cosmology o ot et
T 0.079 f}]iﬁ;’ Optical depth to reionization
Ag 0.81 Ji—::::é?_; Scalar fluctuation amplitude
e 0.9481:::31; Scalar spectral index

Derived parameters

. -
0.94%508 x 1077 - _
Critical density

(WMAF3 Po

kg.-"m3
Parameters) Qa 0.73213.040 Dark encxgy density
Zion 10.5%33 Reionization red-shifi
] 0. W?tggig Galaxy fluctuation amplitude
' +0.13 9
to 13.7825,7 X 10 Age of the universe

vears




g D
T he Hot Big Bang:

\Cosmlc Tnmelmej

Adiabatic Expansion

From the Friedmann equations, itis straigh’ncorwarcl to aPPreciate
that cosmic cxpansion is an adiabatic process:

e p)a_
p+.3(p+ﬂ2)ﬂr 0

!

U = pV internal energy

dU = —pdV — {
3

V xa cosmic volume

|n other words, there is no * “external Powcr” rcsPonsiHc for

“PumPing” the tube ...

17



Adiabatic ExPansion

pox pl = TV =cst.

¥ = % = T, o« V2 x g2
ol 7 = = Tux V¥ x o
Cosmic exPansion is Adiabatic: Temperature History

Hot Big Bang

=
E =
o O
ol T |
n
5 x
- T
Pl JR |

o

Parting Company

1 Second 300,000 Years 1
Age of the Uniy

18



T__:__PisodcsThermal

istorg

Planck E_’Eoch

Fhase T ransition [ ra

Hadron F ra

LCE’ ton E_ra
Radiation [ ra

Fost-Recombination [ ra

GUT transition
clectroweak transition
quark—haclron transition

muon annihilation

neutrino clccoupling
clcctron~Positron annihilation
Primorclial nuclcosynthcsis

radiation-matter equivalcncc

recombination & decoupling

Structurc & Ga]axg formation
Dar|< /\gcs
Reionization

Matter-Dark Encr&g transition

t < 10M sec

10" sec <t < 10%sec

t~107sec

107 sec<t< 1 min

1 min <t <379,000 yrs

t>379,000 yrs

Hot Big Bangz
Wlﬂat it cxplains

. Olbcr’s _Earadox:
the night sky is dark

e finite age Universe (13.7 Ggr)
. Hubblc F_xpansion

uniform cxpansion, with
cxpansion vc!ocitg ~distance: v=]r

. [ xplanation Helium Abundance 24%:

lfght chemical elements formed (H, He, L, )

after ~% minutes ...

. The Cosmic Microwave Backgrouncl Radiation:

the 2.72.5K radiation blanke't, remnant left over
hot ionized Plasma ) neutral universe
(> 79,000 years after Big Bang)

. Distant, deep { Iniverse indeed looks different ...

19



-
T he Hot Big bang:

.

~

lnﬂationarg ( Iniverse

L4

FRW Dig Bang;

Wlﬂat it cannot cxplain

Flatncss Froblcw
the Ulniverse is rcmarl(ably flat, and was even (much)

flatter in the past

Horizon Problem
the (niverse is ncarlg Pcr‘Fcct|3 isotroPic and

homogcncous, much more so in the Past

MOI‘]OPOIC Froblcm:

Thcrc’arc harc“y ang magnctic mOﬂOPOlCS in

our (Jniverse

f:luctuations, seeds of structure

Structure in the {niverse: origin

20



FRW Big Bang extended:

lmqationary (niverse

. Esscntial
]ngrcdicni/]:_xtcnsion
Sta ndard Cosmologg

Imqationary (niverse

. Fhasc transition

E_arly Universe —
-GUIT transition :

t~ 1076 sec??

~ ({:alsc) vacuum Potcntia|
induces exponential
(de 5ittcr§ expa nsion

Trans—Planckian Unknown

o (niverse blows up by factor T
N > 106° 1 . 0 1 T 1

FRW Big Bang extended:

lmqationary (Iniverse

Ilnﬂationarg (niverse

Explains:

e Horizon Frol)'cm

. Flatncss Froblcm

. MonoPo|c Problem

0%

Universe [K]

And ...
. Origin of Structure

Temperature of the

5]
=]
q <
=]
=
=]
©
a—
e
d o
=]
3
£
|
w
BB
o]
B
E.




£ D
Radiation/

R elativistic

NG 4

(_osmic Kadiation

Most ubiquitous, most Pcrvasivc, constituent

of the (Jniverse: Radiation.

Two major comPoncnts of

relativistic (massless) sPccics:

22



(_osmic Kadiation

1) Number Dcnsitg CMB Photons:

b [ A kTY?
ny(T) = 5 | = 60.4 (E)

N &
n, = 604 (FL) & a10 (1+2)* cm™
L he

Frescnt

-3
NumbCrDensitgz |:> n"}’ s 410 CIn

(_osmic Redshift

l’)‘tfa-zf:n,=)\()
1
l+2=- <

=

)\053 - Tz(igbgj) )\0

.

You’re receding
T T N

Au&s - -)\r::'m - /@/WM
Aﬂi’n %W\J\J AN /@/ =

Bujpedas ai,noyj
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(_osmic Kadiation

Z) Number Photons/ncutrinos conserved

- photon number densit n.4 o< a-(t)_3
P Y rad
3} As a result of the cosmic cxPansion,
wavclcngtl'n of a Photon redshifts:
-1
~ Photon energy Erag X a(t)

4~) Energy Densitg Kadiation evolves:
4 4
prad ec a(t) e (1+ Z)

(_osmic Radiation

5) E_ncrgg Dcnsitg # at present negligiblc:
Qrad ~ 10_5
6) Dgnamica“y incrcasingly important in carlg (niverse,

dominant over Matter before

Z > Zeyt Prad > Pm E_ciuivalcncc E_POCI"I
z < gy » Prad < o

10 1+ 2y = 4.0 x 10* @,
Z 2 Zeg i alt) #152
Z < Zg:  a(t) x #7?

24



Cosmic: Radiation

7) |n terms of Number Dcnsitg,
(Cosmic Photons have ALWAYS been dominant,

np(z) =

n(z) =

n(z)

LLTTN ] 1+ ﬁ)a 5) Ratio Bargons to Photons
]z_ntl'opy Universe
(1+2)°
.0 A = !
—L = 10°
Ty
ﬂﬂ(r?) pn Func’amcntal FroPcr-ty i
n_?(z) - n’r,ﬁ - Universe very Peculiar Fl’vysical Systcm

.

CMB

Therrnalization

4

25



IF lectron-F ositron Annihilation

T < 10°K

| At this redshift the majority of Pl—:otons of the

t~1 min, Z ~ 109 'Cosmic Microwave backgrouncl are gcncratccl '

e Before this redshift, electrons and Pl'lotons are in thermal cquilibrium. After the

et +e = 29

tcmPcraturc clroPs below T~ 107 K, the electrons and Positrons annil’:ilatc,
lcaving aseaof Photons.

o As thcg absorb the total cntropg s of the Ever v lasma, the Pl‘lotons
acquirc a temperature Ty > neutrino temperature | , .

I© lectron-Fositron Annihilation

o At the onset ccrtainly not thcrma"g distributed energjes

] F]’)otons i(ccp on bcing scattered back and forth until z ~ 1 089, the cpoch

of recombination.

. Thcrmal cquilibrium (Haci(boclg sPcctrum) of Photons reached within

2 months after their creation

Blackboc‘g 5Pcctrum Proclucccl t]ﬂrough three scattcring processes
] ComPton scattering
o [Free-free scattering

e Double Compton scattering




CMD T hermalization

e Thermalization tlwrough three scattering processes

° Compton scattering + dominant energy redistribution
o ]:rcc-Frce scattcring + creates new Photons to
o Doublc Compton scattcring acﬁust sPcctrum to Flanclc

«  While Compton scattering manages to redistribute the energy of the
Photons, it cannot acﬁust the number of Photons. Frcc-Frcc scattcring

and Double ComPton scattcring manage to do so ...

. But

onlg before z < 107, after that the interaction times too |ong

CMB T hermalization

g f:o"owing this tlﬁcrmalization, a Pchcct Haci(boclg Plﬂoton spectrum

l‘las cmcrgccl:

2hi/° 1
SR

» Thisis the ULTIMATE proof of the HOT BIG BANG /

* Note: after z~ 105 till rccombination, the interaction between electrons and

Photons cxclusivclg bg Thomson Scattcring

27
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Dccoupling /
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Recombination & DccouP]ing

T ~ 3000 K
24e.=1089  (Az, =195); t,..=379.000 yrs

. chcorc the “Recombination Epoch
Radiation and Matter are tigl'\tlg couPlccl through Thomson scattering,

e Theevents surrounding “recombination” exist of T HRFE.E. major
(couplcd, 3ct dimCFcrcnt) processes:

» Recombination protons & electrons combine to [ atoms
. DccouPling PI‘IOtOnS & bargonic matter no Iongcr interact
] Last scattcring meaning, Pl'rotons have a last kick and g0 ..

Recombination & Dccoupling

T ~ 3000 K

24..=1089 (Az, =195); t,..=379.000 yrs
o Before this time, radiation and matter are tigl'ltlg couPlccl through

[e_Jr";fé i;’_+“;f’]

Because of the continuing scattering of Photons, the universe is a “Fog”.

Thomson scattering;

o A radical changc of this situation occurs once the temperature starts to clroP
below T~§OOO K and electrons. Tl‘lcrmocl namica"g it becomes favorable to
form neutral (hyclrogcn) atoms H (bccausc the Pl‘lotons can no longcr clcstorg

the atoms): [ D Le « H ]

o This transition is usua"g marked bg the word “recombination”, somewhat of a

misnomer, as of course hyclrogcn atoms combincjust for the first time in cosmic
l‘listorg. lt marks a radical transition Point in the Gniverse’s historg.

29



R ecombination historg

1.2

1}

08t

06

04 r

0.2

0 A L L L L L
Q 1000 2000 3000 4000 _ 5000 6000 4

As temPerature changcs:
~ sl’:i{:ting ionization can be followed tl‘:rough
Saha cquation (note: on “wrong” Prcmisc of cquilibrium)
~ Rccombination should haPPcn at | ~4000 K
- DPut: fartoo many CMbB Photons, it is not cquihbrium process mt

Recombination & Dccoupling

Note that the decoupling transition occurs rather sudden at T ~%000 K, with a “cosmic
ping
Photosphcrc” clcPth of only Azdecf'] 95 (at z~1 089).

The cosmological situation is highly cxccEtional. (Under more common circumstances the

(rc)combination transition would alrcacly ave taken Placc at a temperature of T~io* K

Dueto the enormous amount of Pl’\otons in the universe, signi{:icd by the abnorma"y higl'l
cosmic entropy,

Tt
— 107
Ty

even long after the tcmPcraturc dro Pcd below T~ ot K there are still sufficient Photons
to kccp the hydrogcn ionized (i.e. there are still Plcnty of Photons in the Wien part of the
sPcctrum .

Kecombination therefore Procecds via a 2-step transition, not dircctly to the groundstatc
of hgdrogcn‘ Tl’\e process is therefore dictated bg the rate at which Lgcx P}‘Iotons redshift
out of the Lycx rest wavclcnglﬂz For ny/nb'-'I 09 this occurs at

[TmSGﬂGK]

30



Standard thcorg of | recombination

(Peebles 1968, 7 eldovich et al 1968)

Rccombination Froccss
not cntircly trivial:

+ B . ground state could be
H*+e reached via Lya transition (2[-19)

A L. L.
radiative recombination

- DOESNOT WORK
+ photoionization —
! largc abundance Lya ]onization
3s 3p 3d
. Rccombination in parts:
5 5 forbidden transition =2—Photon emission:
S p 25-1
. S-1S
T akes 8.23 s i
2y Lyman-o much slower than ‘direct’, and thus
resonance
v escape recombination occurs late ...
- atT ~ 3000 K
1s

31



R omibinafinm

(Cosmic [hotons

Note:

far from being an exotic faraway phenomenon,
realize that the CMB nowadays is counting for
approximately 1% of the noise on your tv set ...

Courtesy: W. Hu
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Recombination & Dccoupling

e n summary, the recombination transition and the related dccoupling of matter
and radiation defines one of the most crucial events in cosmologg. |n a rather
sudden transition, the universe changcs from

chcorc Zdecs Z2Zdec AFtcr Zdees Z8<Z4ec

* universe fully ionized * universe practically neutral
* photons incessantly scattered| | ¢ photons propagate freely
« pressure dominated by « pressure only by
radiation: baryons:
p =-aT* p=nkT
3 « (photon pressure negligible)

¢ 2

RiPPIes
in the ( Jniverse
A - 4
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Structure in the ( Jniverse

l"OUﬂd

(_osmic Microwave Pack

MaP of the Ulniverse at chombination E_Poch:
® 379,000 years after big Bang

° Subhorizon Pcrturbations: Pn’morclial sound waves

e AT/T < io’

34



Primordial (Gaussian Perturbations

35



Millennium Simulation

500 Mpc/h ok

Millennium Simulation
125 Mpeh

" W
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Millennium Simulation

. s Lb
S 4 %% 31.25 Mpchh

" 31.25 Mpcih
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Millernium Simulation

p-

38



Millernium Simulation

1425 Mpe/h. - -

7 500Mpc/h ' F

Millennium Simulation
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]nﬂationarg Origins

Inﬂationarg Origin of (Cosmic Structure:

e Primordial Quantum Noise (dueto uncertainty PrinciPlc)
L becomes seeds for structure toclay

e atinflation the fluct’s cxPandcc{ to suPcrhorizon size

IFrcclictions:

o (Gaussian fluctuations
o Adiabatic fluctuations
(radiation & matter

cqua”g Pcrturbccl)

cale)

Log (physical s

e Near scale-free
Potential Pcrturbations:

Pl ~ ko

Physical

scale

Log (tme)

n=0.96

Lomovng

40



Frimordial Fcrturbation Growth

thcy can start growing ...

Once fluctuations “entered?” the cosmic horizon,

Growth clcPcnclcnt on a series of moc{ulating processes, eg.:

Bargon Perturbations
held up 175 pressure (Jeans )

DarL Mattcr:
~ starts growth at
horizon entrance
~ damps below

free-streamin 2

CDMyvs. FHIDM

Cosmic [ xpansion regime:
- radiation dominance:
no growtl-i DM Pcrt.

- matter dominance

0.1 §

0.01

0.001 / CDM spectrum P(k)

0.0001 b o o | FETT R | FET T | TP

Colcl Dark Matter Cosmo]ogics

k" [In1 +2.34¢]"
Pepml(k) o " TR >
[1+3.89¢ + (16.1¢)* + (5.46q)* + (6.71¢)*]' "~ (2.34g)°
q = kil
) Q
= Q, . hexpi—Q,— —
' ”{ ’ Q,f._q}
100
Standard Scenario:

Perturbations in medium of

Cold Dark Matter pari:ic}cs
axions, neutralino’s ...

KCSU}tfy in a hierarchical
scenario of structure formation...

0.1
0.01 CDM spectrum P(K):
P(k) < (5(k)o™*(k))
0.001
00001 b o L i b
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Cold Dark Matter Cosmologics

K [In1 +2.34q]
Pepmi(k) o " TR > >
[1+3.89¢ + (16.1¢)* + (5.46q)* + (6.71¢)*]' "~ (2.34g)°
g = k/I'
. Q
I = Q,.h cxp{%);, - Qi } LA I LA ey L
: E 3 E
; 1 K*P(K) |
b‘canc[arci Secenario: E ( ) E
0.1F 3
Fer’kurbation@ in medium of f :
Cold Dark Matter Partic}cs 0.01 g E
~  axions, neutralino’s .. 0.001 ;— _!
Results in a hierarchical 0.0001 é‘ E
scenario of structure formation... E f
107 & E
10-¢ PP PR WOPIR PPN\ ]
10 1 0.1 0.01 0.001

KiPPling
The Fhotons
\ J
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(CMDP Ferturbations

Metric Stretching s Asaresulto Fcrturatiansin
Gravitational Potcntial

Fhotans cxpcricncc fn:qucnc_g Shik

. Whilc trave“ing throug,h Pcr‘turbation;

redshift s (aravitational Redshift +
= (Relativistic) | ime Dilation

. ComBinccl etfect:
Sachs-Wo[Fe E_)q:ect

Sachs~Wo]Fc ]_:_FFcct

SaCl"‘IS~WOl1CC E}Fcct

I 1A

et i

Lo
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(_osmic Microwave Bac‘cgrouncl

Metric Stretching,

Map of the Univcrsc at Rccombination E_Pocl-n:

" 379,000 years after Big bang
L] Supcrl-vorizon Pcrturba’cions in gravitational Potcntial (Sacl-ls—WoH:c)

= AT/T < 107

(osmic Microwave Backgrouncl

MaP of the Ulniverse at Rccombination E_Poch:

* 379,000 years after Big bang
. Supcrhorizon Pcrturbations in gravitational Potcntia| (Sac}'ls-WoH:c)

<AT/T <107
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e )
Horizon Problem
]"ustratcd
_ 4

(osmic Microwave Backgrouncl

(DL measured Huctuations:

Size Horizon at chombination spans ang]c ~1°

How can it be that regions tota"g out of thermal contact,

would have the same tcmpcraturc ?
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(_osmic Microwave Backgrouncl

DL measured tluctuations:

Size Horizon at Rccombination spans anglc ~ 10

COBE Provcd existence suPcrl‘mrizon fluctuations: lnﬂation Prcclfction iy

£ )
Rcsolving

Fluctuations
N 4
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(_osmic Microwave Background

Map of the Universe at Kecombination E_Poch:
. 379,000 years after Big Bang

. Subhorizon Perturbations: Prirnorclial sound waves

. AT/T <107

TemPerature Anisotropies

Temperature Perturbations in terms of

Spherical Harmonics:

T(B Cp) - z Aim Y;”(G, q))

l.m

47



Tempcraturc Aniso’cropies

Tcmpcraturc Perturbations in terms of

Sphcrical Harmonics:

T(B q)) - z Aim Y;”(G, q))

_ l.m
” : . o T 180°
s [

Angular Scale

6000 0 2 05° 0z
— m
E TT Power Spectrum r(8.9) = ;. amY (6,0)
5000 “ T WMAP Data _ i
< 4ok f Angular power spectrum
E 1 .
5 \. ] CI o <a‘lma Im>
3000 ]
%)
T |
= 2000
C o I(l+1)
1000 £
ok P(K) o k

1 1 1 I 1 1 1 1 ' 1 ' 1 1
10 100 500 1000
Multipole moment ()




[ D
Music of the

5Phcrcs
¢ 4

(_osmic Microwave Background
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s d For graphics & science|
cein g oun _
see website Wayne Hu

b Co”icling clcctrons, Protons and Photons forms a Plasma
e Acts like a gas
o Comprcssional disturbance propagates in the Plasma

through collisions

o {Jnlike sound in the air:
- airmolecules travel = 10 cm before co”icling
~ in Primorclial Plasma, Photons travel 10% pc
o {Jnlike sound in the air:
~ we do not hear it but see it inthe CMDP

- comPrcssion heats the gas rcsulting ina hot spot inthe CMPB

FiPcr at the (Gates of Dawn

o | ike blowing into a flute or an open PiPc

o Spcctrum of sound contains a

Fundamcntal Frcc]ucncg & Harmonic overtones

1st peak

2nd peak

3rd peak

=
=
=
<
=
8
g
O
3]

4th peak
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FiPcr at the (Gates of Dawn

o |nflation is the source of
sound waves at the

bcginning of time

. Souncl waves are frozen at
recombination, 3ic|cling a
harmonic spectrum of
{:rcqucncics that reach

maximum clisplaccmcn’c

I{1+1)Cyf2m (uK2)

({1+1)Cy/2m (uK2)

£E

||§| T

Angular Scale
90 2 05°

0.2"
T

1) - e S

TE

P8 _)ﬁ: Tem peratu re-[olarization

I\"l

Multipole moment (f)

YT T 1 L 1
10 100

| CMB

E Angular power spectrum

WMAF >3

E TcmPcraturc fluctuations

C, < (a,a’,)

C, o 1(1+1)

P(k) oc k

51



Harmonic Signa’curc

. lclcnthcy structure and comPosition of the (Universe
~ tl‘n‘ougl‘l detailed examination of the Pattcrn of overtones on the
fundamental Frcqucncg

~much like using them for a music instrument

o Obscrvccl Frcc]ucncg spectrum consistent with imqationarg origjn:

~ sPcctrum of cosmic sound has harmonics at integer ratios of fundamental

. Wit]’wout inﬂation, fluctuations should have been
gcncratccl at intermediate times

o Tlﬂis would have clcstrogccl the harmonic structure of the Pcai(s

(lil(c clri”ing holes in an organ PiPc)

Music of the

5 P h €reés 1) Sachs-Wolfe Potential fluctuations,
2) Acoustic Pcrturba’cions
as the corrcsponchng Potcntial fluct.
enter horizon and start to co"apsc
3) ]ntcgratccl Sach&Wolmcc
Smaller angles — Potcntial Pcrturbations:

- E_arly ISW matter,/radiation at recomb.

Potential eny

- Late |SW: exPansion influence curvature

Power (AT/T)F

& cosmological constant

4') DoPPlcr Pcrturbations

log!

Q“ 0, QgF Qu,.,.-""' velocity fluct. accompanying potential pert.
Iaxkt ¢+ o o ®eananas * LateISW J parginsp F
gy T * t = #———u Early ISW H i
l'.qj T +* + - *———=s Eif. temp. 5) Sllk DamPlng
o 1 + * t @ === =-a Doppler

radiation damping of fluctuations




Damping en Smaller angles —-

Potential env.

Power (AT/T)?

IAK I'qu o logl
Qr Qp Qgh? Qph?
Iax 4 4 L] * @-------@ Late [SW
b T % ¢ @ e ———e Early ISW
I Y ® & # e——— Eff. temp.
b 1 ¥ ¥ t ®-------e Doppler

Modulating Influences

e Silk DamPing:
- Photons diffuse out of matter Pcr‘turbations
~fuctuations with size < Photon Frcc-strcaming |cngth get suPPrcssccl

- harmonic structure bcyonc’ third Pcak scn’ous|9 damPccl

o |ntegrated Sachs-Wolfe effect:
- damping/boosting temperature fluctuations due to
decay/growth potential perturbations:
* Lady|SW:  while still radiation-dominated, potential DM fluct’s
grow less, suppression of temp. fluct.
* Late[SW:  as Dark [Cnergy takes over universe, potential wells

clecag (cluc to accelerated cxpansion)




L

(_Iniverse

Measurcd

4

The WMAP CMB temperature
power spectrum

ic Parameters

wol (@) Curvature

A (pK)

] E, (b) Dark Energy

N

! [
e

Ap(uK)

4} (d) Mateer
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[f:riedmann~Robertson~Wa”<er~Lemaitrﬂ

( Iniverse

( D
Cu rvature

Mcasurcd
< 4




Harmonic Signaturc

Spcctrum cosmic sound:

fundamental

-integer ratios fundamental

-~ comPctition between harmonics

gravity vs. pressure:
clcPcnclcnt on Pl‘lasc
- fundamental + odd mode:
gravity along sonic motio
~even multiP|65:

gravitg Figlﬂts sonic motion

Gcomc—:try of the ( Jniverse:
Music of the 5Phcrcs

Measuring the Geometry of the Universe:
e Object with known physical size,
at large cosmological distance
Measure angular extent on sky
Comparison yields light path 2=1000

recombination

observer W. Hu

“Physical Object”:

- Sound waves in primordial
matter-radiation plasma:
wavelength A

- observable at surface of
epoch recombination, at which
photons were last scattered
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Geometrg of the ( Jniverse:
Music of the 5P|1€rcs

Measuring the Geometry of the Universe:

e Object with known physical size,
at large cosmological distance

e Measure angular extent on sky

e Comparison yields light path

Observer

f:ricdmann~Robcrtson~Wa”<cr~Lcmaitrc

(Iniverse

l:lF-!]'l :I:n..:-r::.'.. ] Closed |Ormeegas1]
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The Cosmic Tonal Ladder

8000
5000
& 4000
The WMAP CMB temperature =
power spectrum 12
3000
Q
=
= 2000
1000
0

Angular Scale
2° 0.5° [

*

*

T T T

- TT Cross Power
Spectrum 3
— A-COMAI DR 1
FOWMAR 3
§ csl 3
I ACBAR
C&gsmic sound horizon

The Cosmic Microwave Background Temperature Anisotropies:
the Embryonic Universe

Curvature: CMB

100

30

Curvature influences:

- evolution Potcntial wells

- angular scale o{:given Phgsica! fluct.

20

T 1 Ll

(a) Curvature
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Mattcr

(_osmic (_onstituents:
Matter

. Bargonic Matter
. Nonbargonic Dark Matter
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Baryonic Matter

Bargonic Matter:

fundamental
- Baryonic “clrag”

baryons

suppresses fluctuation

d IOW SCCOI'\d Pcai(:
bargon clcnsitg comParablc

to Plﬂoton clcnsity

bargonic Matter

Notc:
. STARS are but a fraction of the total amount of bargonic matter

. Tl‘lcrc is still a largc amount of undetected baryonic matter:

- hicling as warm Intergalactic Gas (VVH]M) K

3 baryon rest mass 0.045 £ 0.003
3.1 warm intergalactic plasma 0.040 + 0.003

3.1a virialized regions of galaxies 0.024 + 0.005

3.1b intergalactic 0.016 + 0.005

3.2 intracluster plasma 0.0018 + 0.0007

3.8 main sequence stars spheroids and bulges  0.0015 + 0.0004

3.4 disks and irregulars 0.00055 + 0.00014 _
3.5 white dwarfs 0.00036 + 0.00008

3.6 neutron stars 0.00005 + 0.00002

3i7 black holes 0.00007 4 0.00002

3.8 substellar objects 0.00014 + 0.00007

3.9 HI + Hel 0.00062 + 0.00010

3.10 molecular gas 0.00016 + 0.00006

3.11 planets 107

3.12 condensed matter 10756503

3.13 sequestered in massive black holes 107‘5‘4(1 +€en)




Bargonic Matter:

Primorc}ial nucleosgnthcsis

Fracticn of critical density
0.01 002 0.05

; From measured light element abundances:

*He Mass fraction

(1%2]
?%7

Nuinber relative to H
-
b=
T

1 & 5
. —51 —By

Earvon density {1 z cm ")

Eoarvon Lﬂ.!y{d CL

107171 E Utﬂﬂﬁ' ri.:_; ﬂf) kz :'*<J 0'026

Bargonic Matter: CMB

Baryon—Photon Ratio
in the CMB

¥-HUZER 500 1000 1500 2000

{

D h? = 0.0224 £ 0.0009
Q, =~ 0.044 £ 0.004

Due to baryon clrag in the Primordial
baryon—Photon gas, 2nd Pcal( in CMB

SPCCtI"Um is SUPP]"CSSC H

T T T

wob (€) Bil]'y()l'ls N

80 -

6l b

Ay (uK)




Dark Matter

[tis the nonbargonic Matter that is rcsPonsiblc

for the existence of Structure in the (niverse 1I!

]F it had not been there: no substantial structure

(lusters of (Galaxies

Courtesy:
O. Lopez-Cruz

oma Clustcr -
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Clusters:
X~ra3 intracluster gas

Coma Cluster

Hgdrostatic Equilibrium: |

GM(r)  kgT [dlogp i dlogT
dr dr

72 LT

= mission:
Bremsstral'xlung: | ~p?
ROSAT X-rayimage Coma Cluster

C]usters:

Gravitationa] Lensin 2

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl) » STScl-PRC00-08
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Nonbaryonic Dark Matter

T wo major classes of Dark Matter:

MACHOs massive compact halo objccts
~brown dwarfs

- stellar remnants (Hack l’lOlCS, neutron stars)

- Primorclial black halos

WIMFs wcaklg interacting massive Partic]cs:
-hot dark matter e.g. massive neutrinos
- cold dark matter axions, neutralinos

~warm dari( matter

Dar‘( Mattcr

Dar|< Mattcr:
-Retains the gravitational PotentiaL
- while baryonic matter oscillates as stable sound wave

- otherwise, clccay gravitational Potential

Recombination

/\/\_/—\ dark matter

e — L = 110 dark matter
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Dar‘( Mattcr

Dari( Mattcr:

~Rcsponsib|c for i(ccping
up gravitational Potcntial

Pcrturbations

- third Pcai(:

dark matter clcnsity

fundamental

dark matter

(Dark) Matter determines the
dCPtl"l of the Potcntial wc”s,
inﬂuencing the amplitucle of the

acoustic fluctuations

(d) Matter
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-

Dark Encrgg/

Cosmological (_onstant
\

\

A4

Cosmic tug of war

COST“IC The force of dark energy surpasses
that of dark matter as time progresses.

Acceleration

QOur Universe

Frcscnt:

ACCELERATLES T Dark Matter
Fast: . Dark Energy
DECELERATED .. repels

BIG BANG
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Dark Tincrgg: CMDB

| (b) Dark Energy

Dark Encrgg modifies evolution

Potcntial wells

Sccondarg Eﬁ:ec’cs

» Sunyaev-Z ebdovich [ ffect
* Gravitational |_ensing CMP
* Reionization: polarization
e |ntegrated Sachs-Wolfe [~ ffect
eRees-Sciama [ ffect
«Vishniac [ ffect
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P olarization CMBPB

Richest Source of |nformation on Primordial (Universe:

T wo modes:
F -mode: Dopplcr motions recombination
Reionization
B-mode: Gravitational Lcnsing

Primordial (lnﬂationary) Gravitational Waves

10000: T T T T T T TrrrT LR

CMB - * o ]
- e N

. p °

Folarlzatlon 10.00 i
< E 3

= - ]

g = -

~ 100 —_ -

o - =~ ]

x B - ]

010 . NS -

0.01 ] Ll L’/I’ Ll 1 Ll
1 10 100 1000

Multipole moment (1)
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(_osmic Microwave Background

| ifted Cosmology into

t!ﬂe realm

Of Frecision Cosmologg
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