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Echo of the Big Bang

Anisotropies in the
Cosmic Microwave Background

Age of Precision Cosmology
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(Cosmic Microwave backgrouncl

COBE (1992):

« John Mather
DIRBE : temperature,
it
*George Smoot
DMR: fluctuations,
ambrgonic

structure
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Cosmic Microwave bac'tgroﬂnd:
Somc f"acts

(Cosmic Microwave Background:
Somc Facts
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(C osmic Microwave baclcground:
Somc Facts

m Pl\otona Last Scatbered
379,000 yrs. a&erbis bans
ataredshift 2=1089 (ie. expanaionfactora(t)- 1/1089)
7) Fonowinstl\e - Decouplinsof Radiation and (bu}'omc) Matter
~ Recombination Hgdrosen Atoms
(as Protons and electrons co
8) At recombination T ~ 3000 [
Since then, sradual coolingof d
- cosmic redshift '- on
9) The CMB photons created at muche
Last surge: positro d : : annihilation,
1 min. afterbig ban%, redshiftz~ 107
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(_osmic
Microwave Back round
, =5

[COBE (1992)

A\ccurate measurement

Flanclc spcctrum CMB

First detection angular

temperature Perturbations

‘ 6 ~ 79 5achs—Woch effect

osmic

MICI"OWE'NC Backgmund
CODBELE. (1992): e

P ermal Shiel 7 L S 5 : i i
T hree instruments: ST S — OWIR Antennas

FIRAS'« Mathcr : S
]:al‘—]n'Frarch Abso]ute Helium Dewar —

* Deployable Slar Panels - -

SPcctroPI-aotomctcr
DIRBE: Flauser
DiFFusc Irncrarccl backgrcuncl
Experimcnt
DMK: Smoot
Diﬁcrﬁnﬁal Microwave
Radiometer

S~
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5Pcctrum
Blackbody Radiation

CosMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE

'John Matl'!cr

THEORY AND OBSERVATION AGREE

-COBE-DIRBE:
tcmpcraturc, blackbody

. Most accuratclg measured

blackbodg Spcctrurn

10

Waves / centimeter

Primordial AnisotroPics

CMDB sky

COBE-DMR Map of CMB znisotropy

Gcorgc Smoot
DMR:

ﬂuctuations,

cmbrgonic structure
North Galactic Hemisphere South Galactic Hemisphere

-100 pK HE I +100 K
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Frimordial Anisotropics

CMD sk

Gcorgc 5moot
DMR:

the carly Z=gear COBE map:

ofse, NOJse, ..., NOSE ...

(almost) uniform 2.726K blackbody

Dipole (local motion)

O(10-5) perturbations
(+galaxy)

Observations:
the microwave
sky today

Source: NASA/WMAP Science Team
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Kcy to the (Jniverse

CMB Radiation, the cosmic radiation field of the (|niverse,

C osmic Treasure T rove:

1) Direct probe of Tl\eﬂﬂlShteoFﬁueﬂbpruotdnl (niverse, Is
the (Iniverse before Decoupling:

Ukimate Proof Reality of Hot

2) Directreflection of Primerdial Structure

4) Link on early decisive hypothetica S (t~107° ~10" secy




Cosmic Radiation

. Photons

e neutrinos

Cosmic Racliation

1) Number Dcnsitg CMbB Photons:

8 &0 yzdy kT 3
n,(T) = 0_3/0 TR ] = 604 (E)

ET\?
Ny = 60.4 (E) ~ 410 (1—|—z)3 cm 2

Frcscnt

—3
Numbchcnsitgz |:> n'}/ ~ 410 CIm
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(_osmic Rcclsl'n'{:t

You’'re recedin

Bujpadal ai,noj

(_osmic Radiation

2) Number Photons/ neutrinos conserved
- Photon number density N g a(t)‘3
3) Asa result of the cosmic cxPansion,
wavc]cngtk ofa Photon redshifts:
= Photon energy Erag * a(t)_l
4} Energy Density Radiation evolves:

Prag € A(t) ™ oc (1+2)°

7/1/2009
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(_osmic Radiation

5) EncrggDcnsitg #

at Prcscnt ncgligib]c«.

Qrad ~ 10_5

6) Dynamica“g incrcasinglg imPortant in carly Univcrsc,

dominant over Matter before

Equivalcnce EPoch

14 2z, = 4.0 x 10* Q,,h?

z > Zeg - Prad > Pm
z < Zeg - Prad < Pm

7) ]n terms of Numbcr Dcnsity,
Cosmic Photons have Al WAYS been dominant,

’I’LB(Z) = Ngo (1 + Z)S 5) Katiobargonsto Photons
E_ntropg (niverse
m(2) = nyo(1+2)° _
— =~ 10°
4 np

np(z) _ npp [Fundamental Property
77(2) = —= =1 Univcrscvcry Fcculiathgsical,Systcm

7/1/2009
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CME

__.\Therg}alization\ s

[ lectron-Positron Annihilation

12



I lectron-Positron Annihilation

nset cortainly not thermally distributed energies
ons kccp on bcingscattercd back and forth untilz ~ 1089,

>f recombination.

Thermal equilibn’um (blackboc]y 5Pcctrum) of Photo ns reached

2 months after their creation

> ac‘;body Spcctrum Producccl through three scattcring processes
° Compton scattering
o [ree-free scattering

Double Compton scattering

CMB lecrmahzation

atio t}'n'ough three scattering processes
ompton scattering + dominant energy rec
° Frcc-{:rcc scattering + creates new Phot O

e Double Com pton scattering ac_ljust spectru

B0 Pton scattcrfng manages to redistribute the energy of the

1otons, it cannot ac!just the numbcr oF P]-xotons. Frcc—»mcrce 5cattcn’ng

Doublc Coml:)ton scattering manage to doso...

7/1/2009
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CMbB Tl’lcrma'ization

Fouowingtl‘iis thermalization, a Pchcct blackboc]_g P]’xoton spectrum

}135 emcrgccl:

s Thisis the UL TIMAT L proof of the HOT BIG BANG /

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

Photons exc.lusivcly 133 T homson Scattering

Spcctrum
Blackbody Radiation

CosMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE
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Waves / centimeter
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SPectrum
B]ackboclg Radiation

e e 0 I L B e e e o e
Residuals wrt. C a) ]
T=2.726 K 2.730 -
< 2728 .
® R i
‘g 2,726 — t*.+$... Prew .....‘..4.; '.f+*+*+*+ J*' o BN
A | ]
(= o =
E - -
& 2724 —
27221~ -
C l l N L1
4] 5 10 15 20

ersgconblstion
Decoupling
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R ecombination & Dccoupling

T ~ 3000 K
(Azdeczlgs);

Z4ec=1089 t4..=379.000 yrs

» Recombination protons & electrons combine to [ atoms
0 Dccoupling Photons & bargonic matter no longcrintcract

O l_ast scattcr‘ing meaning, Photons have a lastkick and g0 ...

R ecombination & Dccoupling

T ~ 3000 K
(Az4..=195);

Z40.=1089 t1..=379.000 yrs

Tl‘lis transition is usually
misnomer, as of course hydrogc at
}'ﬁstory. ]t marks a radical transition Point in the unive

7/1/2009
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chombination historg

- Kecomlmnahonshou d hap
- but: fartoomanyCMbphotons,rhs ot equilibriv

R ecombination & Dccoupling

e Notethatthe de

of l-lyclrogcn.
out of the Lyoc re

T ~ 3000 K

7/1/2009
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Standard t|1eor3 of H recombination

(Peebles 1968, Z ebdovichet al 1968)

: aizluy
5 —

—— FOYmation 0f: D& HE

1 ;00 Sec 109 ,
- CMB Spectrum Fixeq
3 0P

/0/0\,{/ Radiation = Matter ——=—
0
567

1071(
ey T LE
CMBY

2,955
9700

e
,319’000‘1 Last Scattering

wayr; Reionization

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

Znd ui ity

e

£ CMB Spectrum Fixeq
mor

\/’.’\
Radiation = Matter

oyrs

5(,,00 ,

Energy

6yrs Reionizatid

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

Fhotons

19
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R ecombination & DccouPling

2

20
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Strutture inthe (niverse

MaP of the Ulniverse at Rccombination E_Poch:
® 379,000 years after Big Bang

o Subhorizon Fcrturbations: Primordial sound waves

o AT/T <107

21



Primordial Gauss

ian Perturbations
e ! ) C A

— - N

Gravitational lnstabﬂitg

— . .-}
-

—

-
F1 -

GRAVITY PERTURBATIONS
- » ’
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Mi"cnnium Simulation

Millennitim 500.Mpc/h

3 Slmulatlon (

LCDM

Millennium Simulation

Mi”ennium 125 Mpc/h
" Simulation: o

23
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Mi"cnnium Simulation

R ' b
Millennium }g ¥\ 81.25 Mpc/h

;5imulationz v

Icpv ae

.
-

Millenniumtg. A_ " 8125 Mpc/h

Simulation: ' :
-

LCDM oD T

24



Predictions:

.

(radiationie -matter..
cclua”g Perturbcd) o

Pl ~kr

n= 0,96

cale)

Log (physical s

Physical
scale

Physical
Hubble
length

Log (time)

Comov

7/1/2009
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The Standard Model

Over the past decade we have arrived at a Standard Cosmological

Time [seconds]

104 10 1 10%

Jios

S100 L ok
=0 s 2
Sioe [ 10 P
Ciom [ &
2 ]
& 5

S { 10-5

» —10-10

10-®- Courtesy WMAP team, CMB
task force 1
) A s T i e
1070 10 0= 1(today) 107"

Relative size of the Universe

Q Q Q n

Kk ] . .
geometry baryonlg fraction cold &gr'p matter prﬁnordlal
of the protons, neutrons not protons and fluctuation
universgy neutrons spectrum

1) super-horizon (>2°) anisotropies

2) acoustic peaks and harmonic pattern (~1°)
3) damping tail (<10

4) Gaussianity

5) secondary anisotropies

6) polarization

7) gravity waves

But ... to test this we need to measure a signal
which is 3x107 times weaker than the typical
noise!

The (scalar) cosmological parameters:

QA m " T
dark energy matter fraction Hubble Constant optical depth
size & age of the to last scatt-
ering of cmb

negative press-

ure of space universe

26



Map of the Universc at Recombinatﬁon EFoclh;

379,000 years after Big Bang
Subhorizon Perturbations: Primordial sound waves

AT/T < 10°

Tcmpcraturc Perturbationsin terms of

Sphcn'cal Harmonics:

T(9,¢) = Z Aim Y]m(evq)>

I.m

180°
[

7/1/2009
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TcmPcraturc Anisotro;:)ics

Tcmpcraturc Ferturbations in terms of

SPhcrical Harmonics:

T(9,¢) — Z Aim Y/m(evq))

l.m

Spherical Harmonics

i

9 . —
W
- )
4 " Y

-
)

http://web.uniovi.es/qcg/harmonics/harmonics.html

28


http://web.uniovi.es/qcg/harmonics/s00.jpg
http://web.uniovi.es/qcg/harmonics/s1-1.jpg
http://web.uniovi.es/qcg/harmonics/s10.jpg
http://web.uniovi.es/qcg/harmonics/s11.jpg
http://web.uniovi.es/qcg/harmonics/s2-2.jpg
http://web.uniovi.es/qcg/harmonics/s2-1.jpg
http://web.uniovi.es/qcg/harmonics/s20.jpg
http://web.uniovi.es/qcg/harmonics/s21.jpg
http://web.uniovi.es/qcg/harmonics/s22.jpg
http://web.uniovi.es/qcg/harmonics/s3-3.jpg
http://web.uniovi.es/qcg/harmonics/s3-2.jpg
http://web.uniovi.es/qcg/harmonics/s3-1.jpg
http://web.uniovi.es/qcg/harmonics/s30.jpg
http://web.uniovi.es/qcg/harmonics/s31.jpg
http://web.uniovi.es/qcg/harmonics/s32.jpg
http://web.uniovi.es/qcg/harmonics/s33.jpg

7/1/2009

Spherical

Harmonics

29
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CMB Fowcr 5Pcctrum

6000 —

5000 |

90°

Angular Scale

2° 0.5° 0.2°

TT Power Spectrum
§ WMAP Data

T(e 0) = z Aim Y/m(e'q))

1 Angular power spectrum

l.m

Cooropum 1 111
10 100

Multipole moment (/)

& 4000
X
i? (::I & <Eiln161*ln1>
o 3000 F
15
z
= 2000 [
: C, o I1(1+1)
1000 e I
0 e L Ll L L n L I P(k) oC k
10 100 500 1000
Multipole moment (I)
Angular Scale
6000 9;0“ 2,“ 0“5" 0"25
“oF 1 CMB
%mm 3 ; Angular power spectrum
s ™ WMAF?
':t- 2000 F- ]
] Tcmpcraturc fluctuations
0 [
Jy — " —— TcmPcraturc-Folarization
*
g ] C < (@pa’ )
g F . 1
= L
s
T o i Ca "~ C, cl(1+2)
P(k) oc k
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CNIE Eﬁbcts

n Imqatlonarg U RIVEse

Can we predict the primordial perturbations?

ot »
e
ad ] Mg » PR R
; -y "a %%
Inflation "y
make >10% times bigger =~ ? , 3
g .
Quantum Mechanics i
“waves in a box” calculation -l Y

vacuum state, etc... After inflation

Huge size, amplitude ~ 10-°

* Maybe..

31



photon/baryon plasma + dark matter, neutrinos

Characteristic scales: sound wave travel distance; diffusion damping length

Calculation of
theoretical perturbation evolution

Perturbations O(10)

|:> Simple linearized equations are very accurate (except small scales)
Can use real or Fourier space

Fourier modes evolve independently: simple to calculate accurately

Physics Ingredients

*Thomson scattering (non-relativistic electron-photon scattering)
- tightly coupled before recombination: ‘tight-coupling’ approximation
(baryons follow electrons because of very strong e-m coupling)
*Background recombination physics (Saha/full multi-level calculation)
sLinearized General Relativity
*Boltzmann equation (how angular distribution function evolves with scattering)

7/1/2009
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CMB Fowcr SPcctrum: % chimcs

4500

000k Acoustic oscillations |

3500

., 3000
e
22500
e
=2000
*

1500}

Large scale plateau
1000}

500

0 I L L
10" 10° 10°
Spherical harmonic number ell ~ 180/6

CMB temperature power spectrum
Primordial perturbations + later physics

. o diffusion
acoustic oscillations damping

(millionths of akelvin)

Temperature Deviation from Average

primordial power
spectrum

20—-
R i [ R o

10 100 1,000
Angular Frequency
(Inverse radians)

finite thickness
Hu & White, Sci. Am., 290 44 (2004)

33
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Perturbation Modes

* Linear evolution

* Fourier k mode evolves independently

« Scalar, vector, tensor modes evolve independently
* Various linearly independent solutions

. o
Density perturbations, potential flows N
op,Vp,etc

Vortical perturbations
velocities,v (Vev=0)

Anisotropic space distortions
— gravitational waves

http://www.astro.cf.ac.uk/schools/6thFC2002/GravWaves/sld009.htm

General regular linear primordial perturbation

[ General regular perturbation ]

—[ Scalar ]
_[ Adiabatic ]
(observed)
—[ Matter density ]
_[ Cancelling matter density ]
(unobservable)

Neutrino density
(contrived)
Neutrino velocity
(very contrived)
—[ Vector ]
| Neutrino vorticity ]
(very contrived)

Tensor ]

I—[ Gravitational waves ]

+ irregular modes, neutrino n-pole modes, n-Tensor modes Rebhan and Schwarz: gr-qc/9403032
+ other possible components, e.g. defects, magnetic fields, exotic stuff...

-isocurvature-

S | ﬁﬁ

34



CMB Anisotropy

5 s :
jour

= (I)(fdec-» CC}S) — ‘I’(fo. O) -+

i

g(I) (I)(fdem Cll'}s) — (I)<f0- 0) + 2 / ‘i)(lf + Vobs - n

((i) -+ \i/)(lt + Vghs - T

¥ 1 N N i
<(—> = —(){\' — v“\' “n+ (I)(tdco wl%) + 2 / $dt .
obs

Sources of CMB anisotropy

Sachs Wolfe:
Potential wells at last scattering cause redshifting as photons climb out

Photon density perturbations:
Over-densities of photons look hotter

Doppler:
Velocity of photon/baryons at last scattering gives Doppler shift

Integrated Sachs Wolfe:
Evolution of potential along photon line of sight:
net red- or blue-shift as photon climbs in an out of varying potential wells

Others:
Photon quadupole/polarization at last scattering, second-order effects, etc.

Secondary Anisotropies

7/1/2009
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RIP llm tFne Fhotons
S‘aclgs-WfoIFc , |

* As aresultot pertu
Gravitational Potenﬁal
Plnotons experience Frequencg shift

o Gravitational Redshift +
* (Relativistic) Time Dilation

o Combined effect:
Saclms—-Wolfe Eﬂ:ect

* While travcuins tl'n'oug"n Perturbation:

7/1/2009
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58CI’15~WOIICC ]‘_:__H:ect

Sac]'ns-WoH:c E_ﬁect
B S
2 o

Map of the (|niverse at Recombination E_Poc)h:

* 379,000years after Biig Eang

. Su]:-erhorizon Pcrturbations in gravitationa][ Potcntiial[ (Sachs—WoIFc)
« AT/T < 107

37
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(Cosmic Microwave backgrouncl

Map of the Univcrse at Recombinatﬁon Epoclh,
* 379,000 years after Eﬁg Bang
. SuFerhorizon Perturl:nations in gra\(%tationali Poten’ti»all (Sachs-Wolfe)
<AT/T < 10°

Hor*fz"cg;‘;rm;?lcm
sa [

- W -

- ';

38



(Cosmic Microwave backgrouncl

(U DL measured tluctuations: >7°
Size Horizon at Rccombination spans alngﬂc ~§°

How canit be that regions. tota“g out of thermal contact,

would have the same temPcratum ?

(C osmic Microwave bac'cgrounc]

(DL measured Huctuations: >7°
Size Horizon at Recombination spans angle ~1°

COBLE Provccl existence superl-norizon Hluctuations: |nflation Pmcﬂﬁciﬁmm L]

7/1/2009
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o small ﬁpplcsin
Primorclialmatter& Photon P]asma
® gravity compresses
Prirnorc!ial Photon gas,
Photon pressure resists:

(] comPrcssions and rarefactionsin Photon gas:

- sound waves

® sound wavesnot l')card, butseen:
~ compressions: (Photon) tcmPeraturc highcr

~ rarc{:actions: ower

7/1/2009
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The Angular Power Spectrum

The CMB angular power Damping Env. Smaller Angles —»

spectrum is the sum of many

individual physical effects
Potential Env.

{H1C

— acoustic oscillations

— (static) variations in potential
(Sachs-Wolfe Effect)

— baryon loading of oscillations

NS qu
. Qx Q, Qh? Qzh?
— moving scatterers (Doppler) hxt + o o

— time-varying gravitational by 1

— photon drag and damping

v ot
IAT ¥ ¥
¥ ¥

b 1t

- > @

potentials (ISW)
— delayed recombination
— late reionization

Co”icling electrons, Protons and PI’IOtOﬂS forms a Plasma
Acts likea gas
Com Pressiona| disturbance propagates in the P|asma

through collisions

(nlike sound in the air:
- airmolecules travel = 109 cm before collicling

- in Primordial Plasma, P!"lotons travel iO*Pc
(nlike sound in the air:
- we do not hearit but seeitin the CMB

$rmanann + Late 1SW
#————=» Farly I15W
o——— Eff. Temp.
®------ -8 Doppler

For graphics & science|
see website Wayne Hu

-~ comPression heats the £as rcsultingin a hot spotin the CMB

7/1/2009
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Lil(c blowing into a flute oran open PiPc

Spcctrum of sound contains a

1st peak

2nd peak

inflation

3rd peak

recombination

4th peak

|nflation is the source of
sound waves at the

bcginning of time

5ound waves are frozen at

recombination, 9ic|cling a

harmonic spectrum of

Frcqucncics that reach

maximum displaccmcnt

42



Idcn’ci]cy structure and composition of the (Universe

-~ througlw detailed examination of the Pattcm of overtones on the

fundamental Freclucncy

~much like usingthcm for a musicinstrument

(@) T FrcqucncH spectrum consistentwith inﬂationary origin:

- SPCCtI"Ul‘n OF cosmic SOUHC] l'laS harmonics at

Without inflation, fluctuations should have been

gcncratcd at intermediate times

T his would have c]cstroycd the harmonic structure of the Pcaks

(like dri”ir\g holesin an organ bipe)

7/1/2009
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Doppler Effect

Due to electron velocities N
— dipole at last scattering 0a L
Out of phase with density -
fluctuations i
— 90 phase shift

— sin(kcgn) =X
Same size as potential +
effect =

— but decorrelated by
projection onto sky

— more importantin
reionized Universe and in
polarization!

Undamped

89

Fig. 3. Evolution of the combination /4 4+ ¢ (top left) and the photon velocity
+ (bottom left) which determine the temperature anisotropies produced at last
scattering (denoted by the arrow at n.). Three modes are shown with wavenumbers
k = 0.001, 0.1 and 0.2 Mpc™?, and the initial conditions are adiabatic. The fluctu-
ations at the time of last scattering are shown as a function of linear scale in the

right-hand plot.

v V3

107? 0.01 0.1
&/ Mpe™!

Challinor: astro-ph/0403344

7/1/2009
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Contributions to temperature C,

© Tolal

=W + other

10 100 1000

Challinor: astro-ph/0403344

GV
Chcc‘iligs’t i

45
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CMB Checklist:
primary predictions inflation-based cosmologies

acoustic oscillations below horizon scale

— nearly harmonic series in sound horizon scale

— signature of super-horizon fluctuations (horizon crossing starts clock)
— even-odd peak heights baryon density controlled

— a high third peak signature of dark matter at recombination

nearly flat geometry

— peak scales given by comoving distance to last scattering
primordial plateau above horizon scale

— signature of super-horizon potential fluctuations (Sachs-Wolfe)

— nearly scale invariant with slight red tilt (n=0.96) and small running
damping of small-scale fluctuations

— baryon-photon coupling plus delayed recombination (& reionization)

CMB Checklist:
Secondary predictions inflation-based cosmologies

« late-time dark energy domination
- low £ ISW bump correlated with large scale structure (potentials)

« late-time non-linear structure formation
- gravitational lensing of CMB
- Sunyaev-Zeldovich effect from deep potential wells (clusters)

« late-time reionization
- overall supression and tilt of primary CMB spectrum
- Doppler and ionization modulation produces small-scale anisotropies

46
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GV

OESCW3ﬂOn$

Cosmic Microwave baclcground:
Somc Facts
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CMB Observations History

«  Discovered 1965:
- Penzias & Wilson
- 2.7 K blackbody
- Isotropic (<1%)
- Relic of hot “big bang”
< 1970’s and 1980’s
- 3 mK dipole (local Doppler)

- 8T/T < 105 on arcminute

CMB Discovery
Penzias/Wilson

CMBPOL? :
maps out i
: the B-modes? i

DASI, Boom,

E-mode Pol

Observed
2ndary Peaks || pAS)

Maxima

First Acoustic
Peak — Boomerang
Maxima, Toco

Definitive Map
of Acoustic
Peaks—WMAP

First observation of CMB Dipole
2.3Kin CN McKellar Smoot et al.

CMB
10 large scale anisotropy
COBE DMR

Blackbody T=2.728 K

................

! | I /

- n n 1) n [Te)
< [{e) N~ [0e) (2] o
oy [e)] [e)] [e)] [e)] o
e — — — — N

Search for Anisotropies

» Aside from dipole, only upper limits on

anisotropy

— Sensitivity limited by microwave

technology

» Best limits on small (arcminute) angular

scales

— Uson & Wilkinson 1984; Readhead et al.

1989

* AT/T <2x1050n 2'-7' scales
* requires dark matter for reasonable

0p>0.2

» Theory of CMB power spectra

-8 =t

In 1980s

(a) adiabatic h=076

(e.g. Bond & Esthathiou 1987) I /‘U

el L

Bond & Estathiou 1987

i Al

7/1/2009
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€, /1071

Temperature fluctuation 6T [uK]

CMB Observations 1990’s

» Better receivers (e.g. HEMT)
+ COBE satellite:

= first detections!

FIRAS (spectrum), DMR (anisotropies)

* Ground and Balloon-based
» Hint of first peak detection!

Vlntaqe 1993 data

R0

Dataias: of 2004 (Tegmark) =

Combined data as of 1999

(Bond, Jaffe & Knox'2000) '

T

=t 7‘{ i i A}k/_F

TR ETT] SRS ETT] S R T T TT] M.

10 100 1000
multipole moment, ¢

A);

ation

Angular scale in degrees

T+

20 -

21058 0.2 0.1

(R LA T T
= BOOMOZ
avEs TAMBAR |
= WBLAF

o Ty 8000
[(Bond 1894) ! f
= =
10 E 6000
r ] g [
- ] 3
r ] & 4000
(&)
1B = =
F ] RS 2000
I ] 0
o1 il M il b
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« Balloon results (Boomerang, Maxima);
* Interferometers (CBI, DASI, VS
» Satellites (WMAP)
— Measurement of first 2-3 peaks and damping tail
— Detection of E-mode polariz
— Dawn of Precision Cosmology!
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Turn of the Century: 2000-

» Balloon results (Boomerang, Maxima);

» Interferometers (CBI, DASI, VSA);

» Satellites (WMAP)
— Measurement of first 2-3 peaks and damping tail
— Detection of E-mode polarization
— Dawn of Precision Cosmology!

1000 1000

Data as of 2004 (Hu)

The March of Progress

W.Hu 12095 10 100 1000

Continual improvements in observational technology and technique
ground, balloon, space
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the WMAP Mission

+ Wilkinson Microwave Anisotropy Probe
— proposed 1995
selected by NASA 1996
launched June 2001
at L2 point (Sun and Earth shielded), scan full sky in 1 year
fast spin (2.2m) plus precession (1hour), scan 30% sky in 1 day

Courtesy WMAP Science Team http://map.gsfc.nasa.gov
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the WMAP Telescope

* 1.4m 1.6m Gregorian mirrors (0.3 — 0.7 resolution)
— two telescopes pointed 140 apart on sky — differential radiometry
— HEMT microwave radiometers (built by NRAO), orthogonal linear polarizations
— 5 Bands: K (23GHz), Ka (33GHz), Q (41GHz), V (61GHz), W (94GHz)

1.4 x 1.6 m primary

(. upper omni antenna
reflectors

dual back-to-back
Gregorian optics

secondary 7 7 E FPA box
reflector g
feed horns

passive thermal radiator

thermally isolating

instrument cylinde
(RXB inside)

top deck

star tracker

warm S/C and
instrument
electronics "

reaction

wheels (3)

deployed solar array w/web shielding 2,
WAPB0259

Courtesy WMAP Science Team http://map.gsfc.nasa.gov

WMAP 1-yr data release
(2003)

Angular Scale
* Bennettetal (2003) ApJS, 148, 1 6000 — " z 05 0z
° TT Spectl’um sooo b nge(gtr):;Power f
* TE spectrum T feiaces

:

* ILCvs. 41/61/94GHz image

I(1+1)Cyl2r (uK2)

:

1000 £
0
TE Cross Power

3E Reionization Spectrum
€
s 2 E
&
S
[$)
= 1F 3
£

dipole subtracted -1 1 mK A

0 10 40 100 200 400 800 1400
Multipole moment (/)
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WMAP Mission to 2006

+ First year data release (2003)
— first and second peaks in TT
low-£ anomalies & cold spots: geometry? foreground? variance?
first peak in TE polarization (but no EE or BB results reported)
confirmation of nearly flat Universe

consistent with scale-invarinat ng-1, hint of running o (W/Lya)
high TE < 10 =» t=0.17 early reionization (z~20)
* Third year data release (2006)
rise to third peak (hint of lower g ~ 0.7)
better models for galactic (polarized) foregrounds!!!
EE & BB : lower 1=0.09 standard reionization (z<10)
ns=0.95 0.02, no hint of running o in WMAP alone

WMAP 3 - ILC

WMAP 3yr internal linear combination (ILC) temperature map
(CMB -200 to 200 pK)
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WMAP 3 - polarization

!
155

!

1

0 I

740 1\

/7
&/

50

T(uK)

WMAP 3-yr 22 GHz polarization map (galaxy)

Courtesy WMAP Science Team

(linear scale 0 to 50 uK)

WMAP 3 - synchrotron

£
8
@
o
o
e
@
‘c
2]
o
<
=
2
>
?
8
5
5]
(@]

WMAP 3-yr 23 GHz synchrotron map (galaxy)

(linear scale: -1 to 5 mK)
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WMAP 3 - free-fee

Courtesy WMAP Science Team

WMAP 3-yr 23 GHz free-free map (galaxy)

(linear scale: -1.0 to 4.7 mK)

WMAP 3 - dust

Courtesy WMAP Science Team

WMAP 3-yr 94 GHz dust map (galaxy)

(linear scale: -0.5 to 2.3 mK)

55



7/1/2009

WMAP 3 galaxy

Courtesy WMAP Science Team

Galactic microwave map for orientation

WMAP3 - masks

* To compute power spectrum and
determine cosmological parameter
constraints the WMAP team used

galactic masks

— top panel —

the Kp2 mask was used for
temperature data analysis. This
was derived from the

K-band (23GHz) total intensity
image.

— bottom panel —

the P06 (black curve) was used

for polarization analysis. The

mask was derived from the K-

band (23GHz) polarized
intensity.

C O SSE—
p02  pD4 p06 pO8  p10  Dust Sources
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WMAP 3 & additional experiments

Angular scale

90° 2° 0.5° 0.2°
6000 F T T T
E WMAP
E Acbar
5000 & Boomerang
F CBI

IS

o

o

o
I

Yi+1)c, /2m [uk?]
W
o
o
o
I

2000

1000 Fo. .

.
£ .

0 F @ V WMAR Science Taam | 1 [ | |

i i |{

'

10

100 500 1000 1500
Multipole moment

WMAP3

17T power spectrum
i (Hinshaw et al. 2006)

WMAP 3 - TE power spectrum

2
& 1R
x -
= N
E N
q C
= L
Q B
T or

IIIllIIIIIllIIIIIllIIIIIllIIII

Courtesy WMAP Science Team

T Y T I B A | 1 1
10 100

Multipole moment (1)

WMAP 3yr TE power spectrum (Hinshaw et al. 2006)
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WMAP 3 - TT/TE/EE spectrum

100.00

T T T 171117

10.00

LR

1.00

{1(1+1) C,/ 2n } " [uK]

LR

0.10

LR

0.01

vl 1

ol

Ll

1
Courtesy WMAP

. 10 100
Science Team \1yitinole moment (1)

1000

WMAP 3yr power spectra (Page et al. 2006)

WMAP 3

Cosmological Parameters

1022, h2
A
2. = 0.20f8‘83 Ap.002
Q.2 = 01047997 , AR
Qp = 076700 A% (k = 0.002/Mpc)
Q, — 024759 h
Q,h2 = 0.12719007 fjo
os = 0747532 A
osf’ = 0317507 s
Asz — 0991292 n(0.002)
to = 13.77%1 Gyr sza
T = 0.088'50% wh
64 = 0.595+0.002°
Zog = 3036113
z = 1097%7

2.2370%7

06
PY—-0.05
(2073) x 1071©
w0
v —-0.04
7375 km/s/Mpc
302.6107
e
. —0.005
0.02230-0007
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The Cosmic Background Imager is...

13 90-cm Cassegrain antennas

— 78 baselines
6-meter platform

— Baselines Im — 5.51m

— reconfigurable
10 1 GHz channels 26-36 GHz

— HEMT amplifiers (NRAO)

— Tnoise 8K, Tsys 15 K
Single polarization (R or L)

— U. Chicago polarizers < 2% leakage
Analog correlators

— 780 complex correlators

— pol. product RR, LL, RL, or LR
Field-of-view 44 arcmin

— Image noise 4 mJy/bm 900s
Resolution 4.5 — 10 arcmin
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CBI Temperature Observations

» Observed January 2000 to June 2002
— extended configuration, reach higher £

V (Vi
(Vi

AL
Ll

CBI Polarization Program

Observed September 2002 to April 2005
— compact configuration, maximum sensitivity

7/1/2009
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CBI 2000-2005 Temperature

6000 v : 6000
— — —A-CDM
O WMAP3
1 ‘ © CBIl Combined
5000 + ¢¢ 15000
$1
1
4000 qu’ | H4000
i
[
i
3000+ & {3000
[
1
s I
&
2000 ! ; {2000
3 BT
@ % \
- v
1000 W,Q?q) \_H é 41000
¢ t
Ay
% $- 3. ¢ % ¢

o

' ' ' L s
0
20 40 500 1000 1500 2000 2500 3000

+ Combined 2000-2001 and 2002-2005 mosaics
« 5t acoustic peak (barely) visible, plus excess!

CBI1 2000-2005 Temperature

Current CMB Datasets

6000 . 6000
A-CDM
O WMAP-3yr
o CBI
5000 - O B3 {5000
* ACBAR
VSA
4000 14000
3000 13000
b
2000 - L%, 42000
% i ]
1000, 9 A\)E | {1000
G H ™«
of K 0

0 50 500 1000 1500 2000 2500 3000

+ also including new Boomerang (B03), plus VSA and ACBAR
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CBI Temperature high-€ excess

o —_—_———————

| 1

1000

+1)C,/2m [uK?]

« At 2000 < | <3500, CBI finds power ~ 3 sigma above the standard models
S —ACBAR - .
- No%cogs stent wn@ any likely model of discrete source contamination
— Suggestive of secgmpgry anisotropies, especially the SZ effect
» Comparison with predictions from hydrodynamical calculations:
— strong dependence on amplitude of density f!yctuatiopps,, .08.7. o

— CBI observed amplitude suggests cg~0.9-1.0 10*
= BUT, significant non-Gaussian corrections (dominated by nearby clusters)
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Wfﬂat can we learn from the CMB’?

Initial conditions

What types of perturbations, power spectra, distribution function (Gaussian?);
=> |earn about inflation or alternatives.

(distribution of AT; power as function of scale; polarization and correlation)

What and how much stuff

Matter densities (Qy, Qcgm);. NEUtrino mass
(details of peak shapes, amount of small scale damping)

Geometry and topology

lobal curvature Q, of universe; topology
?angular size of perturbations; repeated patterns in the sky)

Evolution

Expansion rate as function of time; reionization

- Hubble constant H,, . dark energP/ evolution w = pressure/density
(angular size of perturbations; | < 50 large scale power; polarizationr)

Astrophysics

S-Z effect (clusters), foregrounds, etc.

Cosmologica] Farameters

Universe content:
Qp, Qpy, f,, Q) W(2Z)

DM? "v?
Universe dynamics:
HO
Clumpiness:
Gg, Ng(K)
Primoridial gravity waves:
A, N,
When the first stars formed:
z

re

Other: WDM, isocurvature, non-Gaussianity...

Each parameter has an effect on the CMB

7/1/2009
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ic Parameters

o} (a) Curvature (b) Dark Energy

A7 (UK)

L

The WMAP CMB temperature
power spectrum

wop (€) Baryons (d) Matter

Plot number density of samples as function of parameters
Often better constraint by combining with other data

e.g. CMB+galaxy lensing +BBN prior

Flat + BBN .
T T — T
RCS wklens
121 1 7 AN
AN
80 70 80 80 100
z Hy
z
:
3
101 i
-
ag 8
F
]
oaf- H
06—
L L L L L
010 0.20 0.30 0.40 050

Contaldi, Hoekstra, Lewis: astro-ph/0302435
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CMB Acoustic Peaks

» Compression driven by gravity, resisted by radiation
=~ seismic waves in the cosmic photosphere: cos(kcsn)

big bang

=i
o

Quantum Fluctuations
from Inflation re-enter
horizon and collapse at

location of peaks

= distance to CMB
heights of peaks

= matter & radiation

+ Angular Scale on Sky

00

Sound speed '-cfa o 1000

1500 200
Multipole (¢)
133

Silk Damping:

~ P]’:otons diffuse out of matter Pcrturbations

4
2500 3000

~fluctuations with size < P]’ioton {:rce-streaming lcng’ch get suPPressccl

- harmonic structure bcgoncl third Peak scrious[g damPccl

Intcgrated Sacl‘ls-WoH:c effect:

= damPing/boostingtemPcrature fluctuations due to

clecag/ growth Potcntia| Perturba’cions:

& E_arlg ISW while still racliation-dominatecl, Potential DM fluct’s

grow |css, suPPrcssion of temP. fluct.

E La’ce ISW as Darlc E_nergg takes over universe, Po’cential wells

decag (clue to accelerated exansion)
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SPcctmm cosmic sound:

fundamental
integerratios fundamental

- comPctition between
gravity vs. pressure:
clepcndcnt on Pl‘lase

- fundamental + odd mode:
gravity along sonic motio

~even multiplcs:

gravity Fights sonic motion

CMB Acoustic Overtones

1000

If we choose to follow a crest (overdensity) after horizon entry, the first
acoustic peak is its first compression...

7/1/2009

67



Peaks and Curvature

W. Hu 11/00 10

Courtesy Wayne Hu — http://background.uchicago.edu

1000

Changing distance to z =1100
shifts peak pattern
* Location and height of acoustic
peaks
— determine values of
cosmological parameters
* Relevant parameters
curvature of Universe (e.q.
open, flat, closed)

dark energy (e.g. cosmological
constant)

amount of baryons (e.g.
electrons & nucleons)
amount of matter (e.g. dark
matter)

7/1/2009
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Gcomctrg of the (,lnivcrsc:
Music of the 5Phcrcs

m f ni :
Object with known physical size, \ae‘“'"a«s
at large cosmological distance
Measure angular extent on sky
Comparison yields light path 21000 recombination

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

Gcomctrg of the (Jniverse:
Music of the 5Phcrcs

m f ni N
e Object with known physical size,
at large cosmological distance
e Measure angular extent on sky
e Comparison yields light path

mm) Geomelry of space

Open

7/1/2009
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usic of the Sphcrcs

The Cosmic Tonal Ladder

Angular Scale
ot 0.5° 0.2°
T T T

TT Cross Power
Spectrum

— A-CDM All Data
3 WMAP

¥ cBl

3 ACBAR

»
S
S
S

The WMAP CMB temperature

ower spectrum . :
p P Cbsmicsound horizon

1(1+1)Cy/2r (UK2)

N
=]
=1
S

The Cosmic Microwave Background Temperature Anisotropies:
the Embryonic Universe

WY, I
s r’:dﬁQAA' “

\v_!‘
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Peaks and Curvature

Curvature Changing distance to z =1100
‘0 the CMB shifts peak pattern

» Location and height of acoustic
peaks
— determine values of
cosmological parameters
* Relevant parameters
— curvature of Universe (e.qg.
open, flat, closed)
— dark energy (e.g. cosmological
constant)
— amount of baryons (e.g.
electrons & nucleons)

— amount of matter (e.g. dark
matter)

T L T

ok (a) Curvature

The WMAP CMB temperature
power spectrum

Curvature influences: 20

~ angular scale of given Physical fluct.

- evolution Potcntialwc“s
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(_osmic (_onstituents:
Matter

L3
. Bargonic Matter
» Nonbaryonic Dark Matter
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Bargonic Matter:

- 5aryonic “drag”

suppresses fluctuation

- lOW scconcl Peak:

bargon clcnsity comParable

to Photon clensitg

fundamental

lbaryons

7/1/2009
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e STARS are but afraction of the total amount of bargonic matter

e Thereis stilla Iarge amount of undetected baryonic matter:

- lﬁcling as warm lntergalactic Gas MH]M) %

baryon rest mass
warm intergalactic plasma
virialized regions of galaxies
intergalactic
intracluster plasma
main sequence stars

(=2 ]

YR W=

white dwarfs

neutron stars

black holes

substellar objects

HI + Hel

molecular gas

planets

condensed matter

sequestered in massive black holes

w0 w0 L W

0.045 + 0.003
0.040 + 0.003
0.024 £ 0.005
0.016 + 0.005
0.0018 + 0.0007

spheroids and bulges 0.0015 4 0.0004

disks and irregulars 0.00055 4 0.00014 _

0.00036 =+ 0.00008
0.00005 + 0.00002
0.00007 + 0.00002
0.00014 4 0.00007
0.00062 + 0.00010
0.00(?IG =+ 0.00006
10~5-6£0.3

1074 (1)

Bargonic Matter:

Primordial nuc'cosgnthcsis

Fraction of critical density
0.01 G.02 000
2 ' 3
o 3
& 3
w 3
t E
= E
I#
o 10750 D i
8
B
=]
= !
Ctad ‘He m
e
b4 ST E
g 107 J
S -
= i
10712 |
Ll N M 3
1 z 5
L Peryon density (107 g om )

From measured lig[-lt elementabundances:

ng
Ty

n =

0.006 < h? < 0.026
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Peaks and Baryons

Changing baryon loading
changes odd/even peaks

W. Hu 11/00 1) 1000

Courtesy Wayne Hu — http://background.uchicago.edu

* Location and height of acoustic
CEUS
— determine values of
cosmological parameters
* Relevant parameters
— curvature of Universe (e.g.
open, flat, closed)
dark energy (e.g. cosmological
constant)
electrons & nucleons)
amount of matter (e.g. dark
matter)

Peaks and Baryons

Baryon-Photon Ratio
in the CMB

W-Hu2R 500 1000 1500 2000

Changing baryon loading
changes odd/even peaks

* Location and height of acoustic
peaks
— determine values of
cosmological parameters
* Relevant parameters
— curvature of Universe (e.g.
open, flat, closed)

— dark energy (e.g. cosmological
constant)

— amount of matter (e.g. dark
matter)

7/1/2009
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Daryonic Matter: CMDPB

Baryon_PhOton Ratio Dueto baryon cIragin the Primorclial
in the CMB baryon—Photon gas, 2nd Peakin CMB

spectrum is suppressed:

0.001

ok (¢) Baryons ]

= WRB 500 LO00 1500 2000

l -
O h2 ~ 0.0224 + 0.0009 - ‘
Qb ~ 0044 :I: 0004 : Ll‘:) 1‘111(]1 ]()lli()

.

-

-
-

D.‘a_rk' M q:tgc r

pes

- B
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Dark Mattcr

]t is the nonbargonic Mattcrthat 15 rcsPonsiblc

for the existence of Structure in the Universe 11!

]{: it had not been there: no substantial structure

Nonbargonlc Dar‘k Mattcr

WO mz?Jorc asscs O

MACHOS massive compact halo objccts
~brown dwarfs

- stellar remnants (black ho]cs, neutron stars)

~ Primorc!ia] black halos

wcakig interacting massive Particlcs:
~hot dark matter g massive neutrinos
- cold dark matter axions, neutralinos

~warm dark matter

1
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Dar]c Mattcr:

Responsible for lcccPi ng fundamental

up gravitational Potential

Perturbations dark matter

o e Peal(:

dark matter dcnsity

Dar‘c Mattcr:

Retains the gravitational PotentiaL
while bargonic matter oscillates as stable sound wave

otherwise, clccag gravitational Potcntial

Recombination

/\_/\/\ dark matter

_EE—— e e e = no dark matter
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Peaks and Matter

Changing dark matter density
also changes peaks...

W.Hu 11700 1 1000

Courtesy Wayne Hu — http://background.uchicago.edu

Location and height of acoustic
CEUS

determine values of
cosmological parameters

Relevant parameters

curvature of Universe (e.g.
open, flat, closed)

dark energy (e.g. cosmological
constant)

amount of baryons (e.g.
electrons & nucleons)

amount of matter (e.q. dark

matter)

Peaks and Matter

Matter-Radiation Ratio

Changing dark matter density

in the CMB also changes peaks...

Location and height of acoustic
peaks

determine values of
cosmological parameters

Relevant parameters

curvature of Universe (e.g.
open, flat, closed)

dark energy (e.g. cosmological
constant)

amount of baryons (e.g.
electrons & nucleons)

7/1/2009
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| (d) Matter

The WMAP CMB temperature
power spectrum

(Dark) Matter determinesthe
dcpth of the Potcntial wc"s,

inﬂucncingthc amPlitudc of the : “‘ 'A "1‘

PPN PEEPEPETTeN | M
| () 100 1000

acoustic fluctuations

Dar‘c E_ncr

Cosmoiogéalgonstant

80



) Cosmic tug of war
Cosm'c The force of dark energy surpasses
l , that of dark matter as time progresses.
Acceleration

Qur Universe

\ T4/
\yuuu’uu,,;

Frcscnt:

ACCELERATES | | =y

constrains

e -

t:
Fas Dark Energy

DECELERATED ..

BIG BANG

Peaks and Lambda

Cosmological Constant Changing dark energy (at fixed
‘n the CMB curvature) only slight change.

* Location and height of acoustic
peaks
— determine values of
cosmological parameters
* Relevant parameters

— curvature of Universe (e.g.
open, flat, closed)

— amount of baryons (e.g.
electrons & nucleons)

— amount of matter (e.g. dark
matter)

7/1/2009
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ncrgg CMbB

The WMAP CMB temperature
power spectrum

L (b) Dark Energy

Dark E_ncrg,g modifies evolution

pote ntial wells

Qn

02 04 06 08
" 1 " "

Arnsotroplcs .

7/1/2009
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The CMB
after Last Scattering

Primary Anisotropies

recombination

Secondary
Anisotropies
from
propagation
and late-time
effects

reionization

A—domination

Courtesy Wayne Hu — http://background.uchicago.edu

Gravitational Secondaries

Due to CMB photons passing
through potential fluctuations
(spatial and temporal)

Includes:
Early ISW

(decay,
matter-radiation transition
at last scattering)

Late ISW

(decay, in open or lambda model)
Rees-Sciama

(growth, non-linear structures) lensed \‘.\
Tensors (gravity waves) ‘
Lensing (spatial distortions)

un—|

Courtesy Wayne Hu — http://background.uchicago.edu
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Weak lensing of the CMB

Last scattering surface

Inhomogeneous universe
- photons deflected

Observer

CMB Lensing

Distorts the background temperature and polarization
Converts E to B polarization

Can reconstruct from T,E,B on arcminute scales

Can probe clusters

Unlensed

Lensed

Courtesy Wayne Hu — http://backgrot uchicago.edu
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CMB Lensing

Distorts the background temperature and polarization
Converts E to B polarization
Can reconstruct from T,E,B on arcminute scales

Can pI’Obe CIUSterS Courtesy Wayne Hu — http://background.uchicago.edu

lensed
== == unlensed

Seljak (1996); Hu (2000)

Scattering Secondaries

Courtesy Wayne Hu — http://background.uchicago.edu

L . 100
Due to variations in:

» Density
- Linear = Vishniac effect
- Clusters = thermal
Sunyaev-Zeldovich effect .
density—mod
Velocity (Doppler) linear
- Clusters = kinetic SZE ion-mod
lonization fraction
- Coherent reionization
suppression

- “Patchy” reionization TT(ﬁ‘) — / dz (neop e ) A - v(X, 2)
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Ostriker-Vishniac Effect

14-2

* Reionization + Structure

T T TTTT1

— Linear regime 10710

— Second order (not
cancelled)

— Reionization supresses
large angle fluctuations
but generates small 10-12
angle anisotropies

1on

T T T
r —
C =
E =
E ==

Relonization

Late reionization reprocesses
CMB photons

« Suppression of primary temperature anisotropies
— as exp(-1)
— degenerate with amplitude and tilt of spectrum

« Enhancement of polarization
— low £ modes E & B increased

« Second-order conversion of T into secondary anisotropy
— not shown here
— velocity modulated effects
— high £ modes

86


http://background.uchicago.edu/~whu/physics/aux/reion.ps
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Patchy Reionization

Structure in ionization Patchy Reionization
10%

Can distinguish between
ionization histories

Confusion, e.g. kSZ effec
e.g. Santos et al. (030547

Effects similar
kSZ, OV, PRel
Different z's,
use lensing?

Li+1)G/En {x10-4)

meltipols moment, §
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Sunyaev-Zel’dovich Effect

» Compton upscattering of CMB photons by keV electrons

» decrementin | below CMB thermal peak (increment above)
* negative extended sources (absorption against 3K CMB)

* massive clusters mK, but shallow profile 81 — -exp(-v)

Wavelength (mm)
5 2 1 05

10
T

-I TTT TT T T | I}I’Ll_u
—_~ 0 n
7 g i :
é’ %—2(}0 -
5 : | :
5 & —400 i
E A ]
\ S R S T R
0.0 50 1c|m 200 500 100 200 300 400
Frequency (GHz) A [GHz]
* gas density profiles: nel) = e (1 ) ﬁ) -38/2
(4 € Irg
. 1
o X-r rf : =— [ n?(r)/
ay surface brightness bx(E) p e /ne(r) A(E,T,)dl
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» exploit different dependence on parameters:
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Alszg ~ h1/2
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DEC (J2000)
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CBI

+ 13 90-cm Cassegrain antennas
— 78 baselines
* 6-meter platform
— Baselines 1m —5.51m
* 10 1 GHz channels 26-36 GHz
— HEMT amplifiers (NRAO)
— Cryogenic 6K, Tsys 20 K
» Single polarization (R or L)
— Polarizers from U. Chicago
» Analog correlators
— 780 complex correlators
* Field-of-view 44 arcmin
— Image noise 4 mJy/bm 900s
* Resolution 4.5 — 10 arcmin

CL 0016+16, z = 0.55 (Carlstrom et al.) X-Ray

28
R_7
26
25

16724’

0%18™445 40° 36° 32" 28° 245
RA (J2000)
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Sample from 60 OVRO/BIMA imaged clusters,
0.07<z<1.03

o
M3 10G4—0321 ME 2063.7 0448 04610306 CL O15+16
L] ==0.683 ==0,580 z=(.548

==0.8,

"

Abell 1635

Abell 370
37d £=0.253

z=0.

. B 9 ¥ B ¥

Aball 1814
z=0.171

P A

(It I VT T 2

Sunyaev-Zeldovich Effect
- Spectral distortion of CMB (SZE)

» Dominated by massive halos
(galaxy clusters)

* Low-z clusters: ~20’-30’

e =Li~I">
expected dominant signal in CMB
on small angular scales

« Amplitude highly sensitive to o4

A. Cooray (astro-ph/0203048)

P. Zhang, U. Pen, & B. Wang (astro-ph/0201375)
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Sungacv-z_el’clovich I fect
(Gravitational Lensing CMB

Reionization: Polariza’cion

lntcgratec] Sacl-ls-WoH:e E_%cect
Rees-Sciama [Z ffect
Vishniac [T ffect

-
“.C.:MB".
Folirization

S
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Why measure CMB Polarization?

DASI 2002

» scalar, vector & tensor fields carry
more information than the
temperature anisotropies alone.

+ gives us more information
about the acoustic peaks

- measure cosmo parameters better

Map i § degrees square

* measure the reionization epoch, which produces a large degeneracy
in the Temp spectrum

* measure gravity wave amplitude... the smoking gun of inflationary
models.

CMB Polarization

Generated during last scattering (and reionization) by Thomson
scattering of anisotropic photon distribution

Quadrupole
Anisotropy
: E.’
4
Thomson
» Scattering,
=
E!
£
—
Linear
Polarization Hu astro-ph/9706147
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http://background.uchicago.edu/~whu/polar/fig1.ps

Thomson Scattering & Polarization

* Incoming polarized light
emerges polarized.
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Thomson Scattering & Polarization

* A plane wave
undergoing Thomson
scattering produces
polarized light too.

* but if equal amounts of
light coming from all
directions, there is no
net polarization.

4 Polarized
(h} “ radiation

- scattered in
’ this plane

PRD Thesis.

Cha %
ree 11 Unpolarized T
maves in two A A :
. . radiation =
directions T o
P incident along ©

- 7 this axis =S

Z
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Thomson Scattering & Polarization

= but if different intensities of
quadrupole (unpolarized) light arrive
from different directions, the net
result is polarization. (10% of AT)

* Incoming polarized light
emerges polarized. Quadrupole

moment in

* A plane wave intensity of
. incident
undergoing Thomson radiation

scattering produces

polarized light too.

» if we have equal |
amounts of light coming [ B
from all directions, there
is no net polarization

Quiadrupole
mdment in

tion of charge
v

Figure: M. Hedman PhD Thesis.

Radiation scattered along
this axis has a polarized
component

Thomson Scattering & Polarization

but if different intensities of

« Incoming polarized light guadrupole (unpolarized) light arrive

emerges polarized. from different directions, the net

A plane wave result is polarization. (10% of AT)

undergoing Thomson o
scattering produces Quadrupole

polarized light too. Anisotropy

but if we have equal

amounts of light coming

from all directions, there Thomson

is no net polarization. Scattering
5 | Scattering

Linear
Polarization
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Polarization:
Stokes’ Parameters

/N

Q — -Q, U — -U under 90 degree rotation

Q — U, U — -Q under 45 degree rotation

:> Spin-2 field Q +i U o U
or Rank 2 trace free symmetric tensor P = (U —Q)

‘ 6 6 ="%tan' U/Q

A/s(vqrt(QZ + U?)

E and B polarization
Par = Va Vi) Pe — €€ (V) V. Pp

/ \

“gradient” modes “curl” modes
E polarization B polarization
e.g. I Ve
TS P
— — " "
P
LN A1
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Underlying B-modes Part-sky mix with scalar E

> e o Observation
= —

Separation method

Recovered B modes
‘map of gravity waves’
Lewis: astro-ph/0305545

E and B harmonics

« Expand scalar P¢ and Pg in spherical harmonics
« Expand P, in tensor spherical harmonics

1
Pap = E Z (Elm Yv(?mjab + Bim E/(?mjab)
im
Eim = \/if ds }f(ﬁ:)b*?)ab B = \/51; ds Y'(g,?)b*Pab
am ™

Harmonics are orthogonal over the full sky:

E/B decomposition is exact and lossless on the full sky

Zaldarriaga, Seljak: astro-ph/9609170
Kamionkowski, Kosowsky, Stebbins: astro-ph/9611125

7/1/2009
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CMB Polarization Signals

* E polarization from scalar, vector and tensor modes

* B polarization only from vector and tensor modes (curl grad = 0)
+ non-linear scalars

Average over possible realizations (statistically isotropic):

<E1*fm-‘Elm) = Jl’lam’mCIEE (Bl*:‘melm> = 5l’lém’mCiBB
Parity symmetric ensemble: (Eﬁm’ Bim) =0

Power spectra contain all the useful information if the field is Gaussian

Scalar adiabatic mode

E polarization only

correlation to temperature T-E
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Richest Source of |nformation on Frimordial (Iniverse:

T womodes:

[ -mode: DOPPlcr motions recombination

Reionization
B-mode: (Gravitational Lensing

Frimordial (Inﬁationarg) (Gravitational \Waves
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Multipole moment (1)
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