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(_osmic
Microwave Backeground
S

Deployable Sun, Earth,
T e DMR Antennas

Hllum Dewar —

Daployable Solar Panels

—~—
TEarth Sensors

N
* WFF Omni Antanna

Spec’crum
Blackbod R adiation

Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

'Jo]'m Mather

THEORY AND OBSERVATION AGREE

+COBLE-DIRBE:
tcmPcratu re, b]aclcboclg

* Most accuratelg measured

Exack Body Spcctrum
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Waves / centimeter




Frimordial Anisotrol:)ics

CMDB sky

COBE-DMR Map of CMB Enisotropy

Gcorgc Smoot

cmbrgonic structure
North Galactic Hemisphere South Galactic Hemisphere

-100 XK IIET W +100 4K

Primordial Anisotropics

CMD sk

George Smoot
DMR:

the car]y 2=yjeal COBE map:

olse, NoISE, ..., NOISE ...




ch to the (Jniverse

T he 5implc (niverse:

- Co‘smi‘::
Gcomé’crg & Expansion

-




[ dwin /’fuéé/c
(1889-1953)

.

. SSpacetime becomesardlEmic contimuL " &
intégral partor the stru'ﬂﬂf- tie % .

4 curved spacetime becomes force of gravity .




(Ecomehy
of the

( Iniverse

Friedmann-Robertson-Walker-| emaitre

(niverse
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Dark Matter + Dark Energy
effect the expansion of the universe

£ Q

Q
i
g v
= 3 0.3 0.7 ==> Qur (niverse ?
=
@ 0.3 0.0
= 1.0 0.0
S 2
@ i instein-de Sitter |
'E (Universe ?
2
ks 1 ]
[+ 1]
o=
0 I I 1
-10 Now 10 20 30
Billions of Years
MAFB2035B0

Geometrg & Dgnamics:
]:ricdmann—-RobertsomWa”<cr~Lcmaitrc

( Iniverse

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

]) The energy content of the UH iverse:

cosmic (energg) density: ,O(t)
2) T he curvature k

5) The cosmologica] constant A




Dynamics:
Fricc]mann~Robertson~Wa”<cr~Lcmaitrc

( Iniverse

Cosmological (cncrgg) densities are tgpica"g in the order of
that of the critical energy dcnsit3 of (Jniverse. Currcntlg,

3H:

Perit = 5 = 1.8791h% x 107 ® g cm ™

Geometrg & Dgnamics:
]:ricdmann—-RobertsomWalkcr~Lcmaitrc
( Iniverse

E volution & [Fate of the universe determined by one major facton

Q= _ 8 p
Perit 3H2

Curvature determined bg the E_ncrgg Dcnsitg
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(1eometry & Dynamics:
Y Y

Friedmann-Robertson-\Walker-] emaitre

( Iniverse

[ volution & [Fate of the universe determined by one major factor

Total energy clcnsitg the sum of various contributions,

Qtoﬁ — Q’!Rﬂ&ftéﬁ?” ar Qrad + QA

Cosﬁmélogg:

For bo i55ua5
e - ’

- ,i:. ;
,,‘lf .

!
(Contenoes Eé;a Meters

“ciuest
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- e
S Watk comistgol

The total energy content of (niverse made up bg various constituents, main ones:
I baryonic matter
L}
F
- m dark mattcr
-
m Pl’\otons
rad
' . 3 m‘ neutiine’s

- / F w
oo

" -
In addition to the constituents mentioned ﬂne chagram, there are contributions bg
eg. grawtatlonal waves, magnetlc FleHs, cte Howevcr, ngen the poor constraints on
their contribution henceforth we will not take them into consideration.

The (piverse;

What Beonssts ofF

Composition ey .

of the 0.05%

Cosmos Ghostly
neutrinos:
0.3%

tars:
0.5%

Free hydrogen
and helium
5%
Dark
matter:

o 30%

Dark

s, -~ energy:
MASAMN. Riess — xa 655
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osmic .incrgg ]nventor9

0,954 %+ 0,003

0010 4 0.0005

0.045 £ 0.003
0040 £ 0,003
0.024 £ D005
0,016 + 0.005
0.0018 4+ 00007
dlges  0L0015 4+ 0.0004
0.00055 4 0.00014
L0036 1+ 0,00008
00005 4 0,00002
0,00007 4 0,00002
substallar objects L0001 + 000007
HI + Hel 000062 4 0,00 10
ar g 0.00016 4 0, 00006
107°
1050403
(e

The energy content of the ( Jniverse may be broadly divided into
various classes, clePer_\;Jent on how their energy c]ensity evolves in
time. | he three most imPor'tant ones are:

o Matter: e
e Radiation: Prad
Ly

. Dar|< ]:_nerggz

PA
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Concordancc Parameter Value Description

Basic parameters

=0 024 km s7! -1 . )
“V * » Ho 70,9737 kms™ Mpe Hubble parameter
al l“a <

[9)8 UUlllt::t::ﬁ Baryon density

Cosmologg O

« e +0.025 Total matter density (baryons +
0.266" ; .
0.040 dark matter)

0 +0.029 : o
0.0797 )03 Optical depth to reionization

. 042 . . .
0.81 3+::t:;{'_, Scalar fluctuation amplitude

0.015 : .
0.948 lu.nl 3 Scalar spectral index
Derived parameters

0.94%508 x 1077

(W M AF5 s 3 Critical density

Paramcters) Qa 0. 7321(33;‘2 Dark energy density
Zion 19-5f-§ ; Reionization red-shift

] 0.77 Ztg gi; Galaxy fluctuation amplitude

13.73%0 13 x 10°

vears

to Age of the universe

f T I

ACDM| Universe decl




From the [Friedmann equations, itis 5traight1corwarcl to aPPreciate
that cosmic cxPansion is an adiabatic process:

T 2 o
U = pcV internal energy

diU = —pdV — {

= ] .
V xa’ cosmic volume

|n other words, there is no ** cxtcma] Power” resPonsiHc for

“Pumping” the tube ...
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Adiabatic [T xpansion

" - T i
C osmic exPansion iﬂAcﬁ.z;ba'tic: ‘r ‘ TemPerature Historg

Hot Big Bang

Inflation
Quark Soup

=
=
o
=1
=
o
o
o
'E
o
o

1 Second 300,000 Years 1
Age of the Univ




—

,iPisodcsTherma] istorg

Jlanck och t < 10" sec

GUT transition

Phase T ransition F ra clectroweak transition 10" sec <t < 10%sec
quark—haclron transition

I !aclron I ra t~107sec

muon annihilation

neutrino clccoupling

LEME-E clcctron~Positron annihilation 107 sec <t< 1 min

Pn’morclial nucleosynthesis

d' R radiation-matter cquivalcncc ,
K—El—a iation [_ra recombination & decoupling 1 min <t<379,000 gre

Structurc & Ga]axg formation
Dar|< %cs
R eionization

Matter-Dark E_ncrgg transition

Post-Recombination F ra t> 379,000 yrs

ot Big Bang:
What it explains




FRW DBig Bang:

\Whatit cantiot cxp]ain
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FRW Big Bang extended:

]nﬂa’cionary Univcrse

s—Planckian Unknown “
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Radiation/

Re']a,t-‘ivis;tg’c

(_osmic Radiation

i Photons

e neutrinos
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Cosmic: Radiation

1) Number Dcnsitg CMB Photons:

8r [ dv KI\?
“T(T)=?'u m=m.4( )

he

N, &
n, = 60.4 (%) a2 410 (1+2)° em™

Frcscnt

-3
NumbCrDcnsitgz |:> n’y st 410 Cm

Cosmic Redshhct

You’re receding
P P T 4

Bujpedas ai,noyj
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(_osmic Radiation

2) Number Photons/ncutrinos conserved
- photon number density  Nygg o€ A()
3) As a result of the cosmic expansion,
wavelength of a photon redshifts:
£,.q ca(t)”

~ Photon energy
4—) Encrgy Dcnsitg Kadiation evolves:

Prad € a(t)™ o (1+2)"

(_osmic Radiation

5) EncrgHDcnsity #

at present ncgligiblc:
=5

Qrad ~10

6) Dgnamicallg incrcasinglg important in carly (Universe,

dominant over Matter before

E_ciuivalencc EPoch

1+ ze; = 4.0 x 10* QA%

B> Byt Prad = P
Z < 2y Prod < Prm

Z < Zeg

24



(_osmic Radiation

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

nﬂ(g) = figg (]_ -I—z)a 5) Ratio baryonsto FPhotons
Entropy Universe
m(z) = nyo(l+32)°
D10
2 Ny
q( ) _ ﬂg(z) _mgg Fundamental FroPcrI:g LA

= =—=M% niverse very | eculiar sica stem
n,r(x) nmu U Y F I Fl’vy 155 t

V. ..~;Th_€[malization‘

25



[ lectron-Positron Annihilation

T < 10°K

t ~ 1min, z~10°

[ lectron-Fositron Annihilation

26



CMbB T hermalization

CMDB T hermalization

27



5Pectrum
Blac‘(bod Radlatlon

Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE

Intensity, 10-% ergs / cm?2 sr sec cm!

10

Waves / centimeter
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Recombination & Dccoupling

T ~ 3000 K
(Azdec:195);

Z40.=1089 t4..=379.000 yrs

» Recombination protons & electrons combine to [ atoms
. DccouPling Photons & bargonic matter no Iongcr interact

] Last scattcring meaning, Pl’lotons have a last kick and g0 ..

Recombination & Dccoupling

T ~ 3000 K
(Azy=195);

240 =1089 £4.=379.000 yrs

This transition is usuallg
misnomer, as of course hyclrogc 3
l‘listorg. lt marks a radical transition Point in the unive

29



Recombination historg

- Recombination should }

- but: fartoo many CMB Photons, it1s not'eq

Recombination & Dccoupling

. No’cc that the de

out of the LHoc rest

30



Standard thcory of H recombination

(Pecbles 1968, Zebdovich et al 1968)

Energy

s GMB
Last Sca tten'ng

PRESENT

Big Bang

yis Reionization

We can only see
the surface of the
cloud where light

31



Big Bang

EGNT ST DY)

/_’,__t;____;_\\_\\‘:o

— 3 CMB Spectrum Fixeq -
mon —

- ,@_‘s‘;ﬁadianon = Mattar

We can only see
the surface of the
PRESENT cloud where light

(Cosmic Fhotons
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Recombination & Dccoupling

[Ges
nibe (inverse:

* .
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Map of the Ulniverse at Rccombination E_Poch:
® 379,000 years after big bang

° 5ubl10rizon Pcrturbations: Pﬁmordial sound waves

e AT/T < io’

K3
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Primordial (Gaussian Perturbations

‘ G T - &

(Gravitational Instability
— | y . .—-}_

F

GRAVITY PERTURBATIONS
< » F
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Millennium Simulation

Ll e S A e L LR
* Simulationsi | e A e :

LCDM

Millennium Simulation

'-.._.Mi”cnniu-m ' § 125 Mpcih
Simulation: e

-
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Millennium
* Simulation:

‘LCDM

Millennium Simulation

-- . i ‘ )
A% 31.25 Mpch
- q' - .'..

e

) Mi”cnnium

Simulation:

LCDM

37



Millernium Simulation

- Millensium - i
5&]"”[)[8.1?!0!'\ o b 1
; LCDM - ’ .

31:25 Mpcih

Millennium Simulation

. C‘ - .
Mi”cnniu;n s - 31.25 Mpc/h
Simulation: v

LCDM

38



Millernium Simulation

\II

&‘_Mﬂlgnnium g
S_irn‘ulation;. Foron
| LC'DM P

§ s N

xR Simﬂ_létiqh.:f

“LCDM
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]nﬂationarg Origins

]nﬂationarg Origin of (0 osmic Structire:
= -
Fredictions:
Physical
# ake

(radiation e ;txattd‘n 2
ecluang Perturbc_cl) " ‘

52
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- Prmordial Fertupbation Growth

Once Hluctuations‘entered” the cosmic horizon,

thcg can start srowing ...

.
(arowth depen&ent o5 a“series of modulating processes, cg:

bargon 9er‘curba’cfons '.-
held up ]:oy presstre (V]ez-msgP

Darlc Mattcr:
~ starts growth at =
horizon entrance
~ damps Below
free-streamin %

CDMvs DM

( osmic It xpansion regjine:
_radiation dominance
no gr'owtl‘r DM Pcrt

~ matter dominance

CDM spectrum P(k)

Lo s o | PR

g

[In1 +2.34q4]"

[1+3.89 + (16.1¢)* + (5.469)* + (6.71¢)*]'*

kir

(2. 34(_{)3

= Q,.hexp {—g),, — i}

Qo

Standard Scenario:

Perturbations in mediu_m of

Cofd Dar‘c Mati:er ?artncies -
axions, neutralino’s ..

Results in a hierarchical -
scenario of structiire formation...

CDM spectrum P(K):
P(k) < (5(k)o™*(k))

41



- (C old Park Matter Eosmologies:

k" % [In1+2.34q]"
[1+3.89 + (16.1¢)* + (5.469)* + (6.71¢)*]'* (2.34g)°

k/r

Q)
= Q. .hexps—Q, —
' “’""{ ! Qm}

Standard Scenario: #

Perturbations in medium of

( old Dark Matier ?ari:ic}cs o
axions, neutralino’s .

Results in a hierarchical
scenario of structure formation..

oA

Hetess

.‘ -
i
,R;’P |xr.}g.(
e

g
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(CMDP FPerturbations

Metric Stretching ot perturbations in
Gravihﬁanal Putcntia'

phatons experience ﬁ'equencg shift
* While travelling through perturiaatiam

» (ravitational Redshift  +
s (Relativistic) | ime Dilation

» { ombined effect:
Sachs\Wolfe [ Hect

Sachs~\/\/o]1cc Eﬁcct

Sach&Wolfc Eﬁ:cct

I 14D

P

L
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(Cosmic Microwave Background

Metric Stretching

MaP of the {Jniverse at Recombination Epocl'o:

" 379,000 years after Big bang

. Supcrhon'zon Perl:url:ations in gravihtional Potcntial (Sachs-Wolfe)
« AT/T <107

(Cosmic Microwave background

Map of the Univcrsc at chombination E_Poch:
* 379,000 years after Big bang
. SuPcrhorizon Pcrturba’cions in gravitationa| Poten’cial (Sachs-Wolfe)
<AT/T <107

44



Horfz“:opaf:’r;c;:b]em
lilictrated e s

"

(Cosmic Microwave Background

(DL measured Huctuations: >7°

Size Horizon at Recombination spans anglc ~1°

How can it be that regions tota“y out of thermal contact,

would have the same temperature ?

45



(Cosmic Microwave background

(_UDL. measured Huctuations: >7°

Size Horizon at Recombination spans ang]c ~i°

COBE. Proved existence superhorizon fluctuations: |nflation Prediction um

Rlcgsc-)lwpg
Uetlizitlogs
VAN

46



(Cosmic Microwave background

MaP of the {Jniverse at Recombination Epocl'o:

379,000 years after Big PBang
Subhorizon Perturbations: Primorclial sound waves

AT/T <107

Temperature Perturbations in terms of

Spherical Harmonics:

T(G (D) - z Aim Yfm(ez q))

l.m

47



TcmPeraturc Aniso’cropics

Tcmpcraturc Perturbations in terms of

Sphcrical Harmonics:

T(B Cp) — z Aim Yg'm(eﬁ q))

l.m
=N » T 180
LN ~T T

Angular Scale

6000 2 2 05" 0z
‘ E — m
E TT Power Spectrum 7(6.0) = ; amY/"(0.9)
5000 - 3 WMAP Data 3 A
0—,; 4000 E H _ Angular power spectrum
= ] N
) \ ] C| o <a'Ima Im>
3000 \ ;
Q 1 ’ ]
) \
K ‘\/\\l/\l\ ]
= 2000 3
. ] Cl(l+1
1000 £ 3% W I I+
Q E | TR T 0 W 0 O L L L 1 L I T A | P(k) oC k
10 100 500 1000

Multipole moment ()




(Cosmic Microwave Background

e small ripplcs in
Pn’morclia] matter & Photon Plasma
® gravity compresses
Primorc]ial Pl’loton gas,
P]’uoton pressure resists:
. comPrcssions and rarefactions in Photon gas:

mm) sound waves

e sound waves not heard, but scen:
- comPrcssions: (Photon) temperature highcr

- rarcFactions: owWer




Co”iding clectrons, Protons and Photons forms a Plasma

Acts like a gas
ComPrcssional disturbance propagates in the Plasma

’cl':roug}*: collisions

{Inlike sound inithe air:
~ air molecules travel = 107 cm before co“icling

~ in Primorclial Plasma, Photons travell 10% pc

{Inlike sound inithe air:
~ we do not hear it but see it in the CMBD

~ comPression heats the gas rcsulting in a hot spot inthe CMB

[ ke b]owing into a flute or an open PiPc

5Pcctrum of sound contains a

1st peak

2nd peak

3rd peak

recombination

4th peak

50



|nflation is the source of

sound waves at the

bcginning of time

Souncl waves are ‘FI"OZCI’! at

recombination, 3ic|cling a

harmonic spectrum O‘F

{:rcqucncics that reach

maximum c]isplaccmcn’c

{1+1)Cyf2m (uK2)

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

Angular Scale
2 05

02"

TR (O T B 0 O | 1 L L

LLLLLL
10

N O T 1 il 1
100

Multipole moment (f)

| CMB
_ Angular power sPectrum

WMAF>

] TcmPcraturc fluctuations

_ TcmPcraturc~Fo|arization

C, c{apa’,)

C, o 1(1+1)

P(K) o k
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lclcnthcg structure and comPosition of the (niverse

- tl'\rougl'\ detailed examination of the Pattcrn of overtones on the

gunclamental ‘FI'CCiUCﬂCg

- much like using them for a music instrument

Obscwcd Frcclucncg spectrum consistent with inﬂationarg origfn:

~ spcctrum O'F cosmic SOUﬂd ]’185 harmonics at

Wit]’wout inﬂation, fluctuations should have been

gcncratccl at intermediate times

Tlﬂis would have clcstroyccl the harmonic structure of the Peai(s

(like clri”ing holes in an organ oipe)

Music of the Total Angular CMB Spectrum

modulated by combination of several effects,

the Frimarg Fcrturbations

tions,
A " oA
Ascoustic perturpations

as the corrcsponding Potcntial Auct.

enter horizon and start to co“aPsc

—

> zbs«““/“\/ojg;—,

Smaller angles —»

Potential Perturbations:

Power [AT/T)=

—

ar] y iz \/: matter/radiation at recomb.
Potential env
S expansion influence curvature

& cosmologica| constant

%) Dg)olplﬁr )pirturba'sions

log!
elocity fluct. ace i tential pert.
* Latelsw velo 1:3 uct. accompanying potential p

————s Early [EW = Sl T .
= y Nl amping
+——— Eif. temp. 7) Sl 705

=== =2 Doppler

radiation damping of fluctuations



Damping env. Smaller angles —>»

Potential env.

Power (AT/T)?

IAK leg Ia o logl
Qr Qp Qgh? Qph?
Iax % 4 L] = @-------@ Late [SW
e T # # . e———e Early ISW
i ¥ & & # e——— Eff. temp.
D T ¥ ¥ 1 ®-------e Doppler

Silk DamPing:
~ Photons diffuse out of matter Pcr‘tur]:vations
~Huctuations with size < Pl’\oton Free~streaming Iengtl'] get suPPressecl

- harmonic structure beyonc‘ third Peak seﬁous|9 c!amPed

Intcgrated Saclns~Wo|Fe effect:

~ damping/boosting temperature fluctuations due to

c!ecag/growth Potentfal Per‘turbations:

% Earlg |SW: while still radiation-deminated, Potential DM Huct’s
grow. Iess, suPPression of temP‘ fluct,

* | ate [SW: as [Dark E_nergg takes over universe, Potential wells

dec39 (clue to accelerated exansion)

53



The WMAP CMB temperature
power spectrum

ic Parameters

jap (@) Curvature i (h) Dark Energy

I
1
r

Ar(pK)

i 1y
| B,

41 (d) Mater

Ay (puK)




0ld Universe — New Numbers

"

o .

.
C?gviatlii'l:ﬁ
4 |
Mezsureds -
- - * i"
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Spcctrum cosmic sound:

fundamental
integer ratios fundamental

~ comPctition between harmonics
gravity| vs. pressure:
dcpcnclcnt on P[’iase

- fundamental + odd mode:
gravity along sonic motio

~even multiP|cs:

gravitg 1Cig|'1ts sonic motion

Gcometrg of the (Iniverse:
Music of the 5Phcrcs

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 2=1000 ki blraticia

mm)  Geometry of space observer

“Physical Object":

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

- observable at surface of
epoch recombination, at which
photons were last scattered

56



Geomctrg of the {Jniverse:
Music of the Spheres

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

mm) Geometry of space

Observer

57



o
2
L=

The WMAP CMB temperature
power spectrum

&

X

]

B

2 3000
=

Q

=

A

=

54
2
(=3

The Cosmic Microwave Background Temperature Anisotropies:

TT Cross Power
Spectrum

— A-COM Al Data
T WWAF

; 3 hemss

chsmlc sound ]"IOI‘IZOn

&F\ﬂ\

the Embryonic Universe

The WMAP CMB temperature
power spectrum

A1 (LK)

Curvature influences:

- ar\gular scale of:given Phgsica! fluct.

- evolution Potcntial wells

100

T 1 Ll

(a) Curvature
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(_osmic (_onstituents:
Mattcr

-
-

1
P s
- LY
> 2T
L]

r

.
. Bargonic Matter
o Nonbargonic Dark Matter

59



Bargonic Matter:

fundamental
~ Baryonic “clrag”

Suppresses fluctuation baryons

= IOW SCCOﬂd Peai(:

bargon dcnsitg comParablc

to P!ﬂoton densitg

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

o Tl'xcrc is still a largc amount of undetected baryonic matter:

- hicling as warm Intergalactic Gas ‘WH]M) 2

baryon rest mass 0.045 £ 0.003

warm intergalactic plasma 0.040 + 0.003

virialized regions of galaxies 0.024 + 0.005

intergalactic 0.016 + 0.005
intracluster plasma 0.0018 + 0.0007
main sequence stars spheroids and bulges 0.0015 £ 0.0004

disks and irregulars 0.00055 + 0.00014 _

white dwarfs 0.00036 + 0.00008
neutron stars 0.00005 + 0.00002
black holes 0.00007 4 0.00002
substellar objects 0.00014 + 0.00007
HI + Hel 0.00062 + 0.00010
molecular gas 0.00016 + 0.00006
planets 107
condensed matter 10756503
sequestered in massive black holes 1075‘4(1 +€en)

3
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Bargonic Matter:

Primordial nucleosgnthesis

Fracticn of critical density
0.01 0.02 0.0

025 F E
0.24 | 3
0.28 F E

6.2z F .

THe Mass fraction

Nuinber relative to H

107470 ]

1 2 5
Baryon density (1077 & cia™®)
fenmy L

From measured light element abundances:

g

= =

0.006 < WA < 0.026

bargonic Matter: CMB

Baryon—Photon Ratio
in the CMB

¥-HUZER 500 1000 1500 2000

{

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

SPCCtI"Um is SUPP]"CSSC H

T T T

wop (¢) Baryons

D h? = 0.0224 £ 0.0009
=~ 0.044 £ 0.004
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[tis the nonbargonic Matter that is rcsPonsiblc

for the existence of Structure in the (niverse 11!

]F it had not been there: no substantial structure

J

| (lusters of Galaxjcs

Courtesy:
O. kopez-Cruz

., ComaCluster -

-
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Clustcrs:
X~ra3 intracluster gas

Coma Cluster
0.5-2.0 keV

- dr dr

T2 LT E

GM(r)  kgT {dlogp | dlogT

E_missioh: :

Bremss.tral‘)lu‘r}gz.'_ ]~

Clustcrs:
(Gravitational | ensing

Strong |_ensing Arcs:
" Abell2gig’
L of

2=0.175"

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




Nonbargonic Dark Matter

wo major classes o

MACHOs massive compact halo objccts
~brown dwarfs

- stellar remnants (Hack holcs, neutron stars)

~ Pn’morclial black halos

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

~warm dari( matter

Dark Matter:

Retains the gravitational Potential,
while baryonic matter oscillates as stable sound wave

otherwise, clecag gravitational Potential

Recombination

/\_/\_/\ d ;{l’l\ matter

e e e e e no dark matter
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Dar‘( Matter:

Rcsponsib!e for kccping

up gravitational Potcntial

Perturbations

~ third Peakz

dark matter density

fundamental

dark matter

The WMAP CMB temperature
power spectrum

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

acoustic fluctuations
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Diza e En St/

Cosmo’l*é:giéa]- @ onstant
4 T "

(osmic

Acceleration

Qur Universe

Fresent:

ACCELERATES

Fastz
DECELERATED

Cosmic tug of war

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

Dark Matter
constrains

F -l

Dark Energy

BIG BANG
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Dark Tincrgg: CMDB

The WMAP CMB temperature
power spectrum

L (b) Dark Energy

Dark Encrgg modifies evolution

Potcntial wells

Qp

0.2 04 06 0.8
P

Sungachel’dovich [T Hect
(Gravitational Lensing CMB

Reionization: Polarization

]ntegratecl 58Cl‘l5~WOl‘FC E)q:cct

Rees-Seiama [ fect
\/ishniac [F flect
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Richest Source of |ntormation oni F rimordial (Iniverse:

| wo modes:

[ -mode: Dopplcr motions recombination

Refonization
B-mode: (iravitational Lensing
[Frimordial (lmqationary) (Ciravitational \Naves

10000: T T T T T T T T— T T T 1717 3

CMB - * o ]
i e i

. P °

Fo|ar|zatlon 10.00 4
3 a ]

= N ]

§ - i

E = -

~ 100 -_ -

O - e =

& . 4 5 I

h AL A | [ e

0.10 T o

0.01 1 Ll I.”I’ raanl 1 Ll
1 10 100 1000

Multipole moment (1)
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| ifted Cosmology nto

the realm

OF [recision Cosmologg
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