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Prediction of Cosmic Background Radiation

- The cosmic microwave background was
predicted in 1948 by George Gamow, Ralph
Alpher, and Robert Herman.

- Alpher and Herman were able to estimate the
temperature of the cosmic microwave
background to be 5 K,




Relic Radiation from THE BIG BANG

1965 Penzias & Wilson
discover 1sotropic-emission
at A=7.35cm. If a
blackbody, T=3+0.5 K.
Penzias talks on the phone
to Bernie Burke, who heard
from Ken Turner.about a
talk by P.J.E. Peebles
(Princeton) who had
predicted the universe
would be filled with a 5 K
radiation.

Discovery of the Cosmic
Background Radiation » Ll
(CBR). Bernie Burke

Jim Peebles




Confirmation

* The first confirmation came quickly from an unexpected
source. From 1939 to 1943 Dunham, Adams and McKellar
had measured the rotational excitation of CN molecules in
diffuse interstellar clouds from their absorption of star light.

Herzberg wrote in his standard book on the interstellar
medium.

— “From the intensity ratio of the lines a rotational temperature of 2.3 degrees follows, which
of course has only a very restricted meaning.”

* The excitation of CN molecules was remembered by 3
separate groups.

— Burnie Burke told George Field about the measurements. George had written a paper
while an assistant professor at Princeton ...

— Pat Thaddeus asked Nick Wolfe about tests for radiation and Nick remembered the CN.
— losif Shklovsky remembered the CN.

* By the end of the year Wilkinson and Roll had made a
measurement at 3-cm wavelength which agreed with P-W.



Measurements of the CMBR After a Year
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1965: Discovery of the CMB
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Dave Wilkinson’s




Joseph Silk Talk & Paper - 1967

Nature 215, 1155 - 1156 (09 September 1967)

Fluctuations in the Primordial Fireball

JOSEPH SILK

Harvard College Observatory, Cambridge, Massachusetts.

ONE of the overwhelming difficulties of realistic cosmological models is the
inadequacy of Einstein's gravitational theory to explain the process of galaxy
formation'-°. A means of evading this problem has been to postulate an initial
spectrum of primordial fluctuations’. The interpretation of the recently discovered
3° K microwave background as being of cosmological origin®® implies that
fluctuations may not condense out of the expanding universe until an epoch when
matter and radiation have decoupled®, at a temperature Ty, of the order of 4,000° K.
The question may then be posed: would fluctuations in the primordial fireball
survive to an epoch when galaxy formation is possible
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Differential Microwave Radiometer
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Corrugated Horn Antennas

Corrugated Horn

E_-plane _St@ﬂdard Gain Horn ¢ l l T . [ | - ' ——
. — H-Plane Antenna Pattern E-Plane Antenna Pattern
;-.\ ?' /" 20 |—
£ | t\ : ;. : s/!, | § -
I 7] [ i o i
i{’ [E NN . pv\’\
-80 | \
Rl = fr

H -plane I ' - 80 i /
. y N :, 7 ¥ - N l [ L l
~_ i v 30 ]

Awmp i
.
o

xuLese


















DOE Instrument into NASA craft
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ANGLE BETWEEN INSTRUMENT DIRECTION AND SITE
OF MAXIMUM TEMPERATURE (DEGREES)

COSINE CURVE provides the best fit for the data (averaged into 18 points) taken by the au-
thor and his colleagues in the new aether-drift experiment. The horizontal axis represents the
angle made by a line connecting the two horn antennas and the direction of maximum temper-
ature in Leo. The cosine curve is temperature distribution to be expected in the cosmic back-
ground radiation if the solar system’s peculiar velocity toward Leo is 400 kilometers per second.
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Dipole Anisotropy A = 3.5 mK

NORTH CELESTWL PCLE

SOUTH CELESTIAL POLE
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Best-Fitted Dipole Anisotropy

-3.5 mK to +3.5 mK

NORETHM COLESTWAL MOLU




What is the

VELOCITY COMPONENTS OF THE OBSERVED CMB DIPOLE

motion ?
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Princeton large-angular scale anisotropy

same epoch as Berkeley 3-mm
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Peter Saulson & assembled payload
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Princeton plus Ber!

being readied 1o
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Three Balloon Flights Later




COBE DMR
4 1z (9-mm
Lab Breadboard




Spectrum : My Posse at White Mtn.




Heavy Manual Operations
George Smoot, Scott Friedman, Alan Benner
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COBE FIRAS




Intensity [MJy/sr]

COBE Spectrum of the Universe
-first 7 minutes of data
-Jan 1990 AAS meeting
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Measurements of CMB Spectrum
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Selecled Measurements of CMB Spectrum
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COBE DMR







MAX ->The MAXIMA Balloon-Borne Instrument
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COBE plus Balloons

Angular Scale [Degrees]
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WMAP launched to L2 (Sun-Earth)




WMAP Side View (back to back dishes)




WMAP at L2
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Why multiple wavelengths ?
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Angular Power Spectrum

Angular scale
90° 2 0.5° 0.2
|

6000 ' '

WMAP
\ Acbar

. Boomerang
CBl

5000

N
-
-
o

I‘IFIUI'TUT]TIUIUIII’IIIVF1TITIL

(L+1)C, /2m [uK?]
N
o
o
o

N
o
o
o
1IIIVITIIIIIIFIIII
«
.
-
3
-
o
-
-
-
.- -§
* | p—
——
———
—‘-'—_.—
— g -~ - DD

TSy
.

L v ol | | 1 | | ' T |

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

10 100 500 1000 1500
Multipole moment [






CMB Angular Power Spectrum
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What we can learn from Spectral
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State-of-the-Art of the Universe

13.7 billion years old, expanding
Composition: 73% dark energy,
23% dark matter,

4% ordinary matter 2003 2010
Quantity Significance Value
2000 +1.7
0.994 + 0.011
0.273 + 0.014
" 0.456 + 0.001

0.728 + 0.016



osmic Microwave Background Radiation Overvie
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Great Discovery Era Unfolds ...

La grande ére de découverte dévoile
na gran era de descubrimientos empieza...




CMB Experiments at the South Pole

Club Med for CMB Experimentalists

Power, LHe, LN2, 80 GB/day, 3 square meals, and Wednesday Bingo Night.




AC BAR Arcminute

||||0 20lometer A

 16-pixel, multi-frequency,
240 mK, millimeter-wave
bolometer array.

* Observes from 2m Viper
telescope at the South Pole
with 4-5' beams.

2002 Winter Crew

,_.—50 ,, ove
 Bands, filters, detectors, and

angular resolution similar to
Planck HFI

* Assembled: Fall 2000
 Installed: January 2001
 Upgraded: December 2001
* Observed through Nov 2002
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Arcminute Cosmology

Bolometer Array Receiver
(ACBAR)

Finished observations at South
Pole in 2005

New constraints on CMB
Damping tail and secondary
anisotropies
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BICEP has just completed its first i

successful winter of observations
NeW CAll DX Vib roliar % DI
coming soon. - 2005




SPIDER (balloon-borne) Array
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Spider-Bolometer/horn array

35 mm 15 cm

Spider Web TES bolometer  Cutaway of 1000 element array

75



SPT began observations
from the Pole February 2008
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CLOVER Site: Atacama, Chile

Jarnwary 29, 2008




B
APEX-SZ ,@,
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Installed.fo _

engineering
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First Science
In Spring 07



Our Ever-sharpening View of the
Embryo Universe ...

PLANCK

(simulation)
2010

In Progress

ACT
Atacama
Cosmology Telescope

SPT

South Pole
Telescope










Planck 1st Year Full Sky Mapping




PLANCK one-year all-sky suruey $esa () ESA, HFT and LFT consortin,




PLANCK one-year all-sky suruey $esa () ESA, HFT and LFT consortin,




The Planck one-year all-sky suruey esa () £5A, HFT and LFT consortia, Juy 2010




=fnational Conference on High Enerqgy |

"A typical CMB Hot spot”
__lllustration of polarization sensitivity

WMAP 7years 2
(Komatsuet al.\ *
preprint 2010) o
& simulations -4

i

N

— —— O —— -

z. ‘. v _‘. -r 2. 1. 00 _‘0 -20 20 ‘- v -‘. _20 z. ‘. v _‘. -z.
Degrees irom Center




: SRVESAESEG

gy lllustration of polarization sensitivity =
MMAP 7years . = ) NP 1S

(Komatsy et ol.\ " . 1 g |

preprint 2010) o . TR T, SRRl Health
& simulations S Rt A A

B Warning: nc
g assured yet
" whether

systematic
effects are

| : ‘ o S troled |
HFI - first look in '

A o . SRR [ CISI0N
juasi-raw DPC map 1Y

1 -3
|

|
|







:.l,'f-f.t_.f,|c‘ 'l.'. !J"‘a..l;.ll"]."' dp(\”o,
sie b 2h 2%, o od S8 C - o SIVLA 2 LT
voanzaton and the radiation amves at recombin wri.
ljf‘.“ r,f,_:,f 2 et ) J

AINNG recombinaton, Gradients in the velocity field can

- 03 72 M e
OduCE a quadrupole in the rest frame of the scatennag
Sectron ' = e -

™Fr
A

convergng flow

‘

:
\ ¥/ -

Polansaton

same flow 1 ¢- rest frame

'

-

4
\I/ 8

\nesotn m Y
converging flow radiation m e- rest frame

Ve % o :

\ g J mf:mtz:xm. * ¢ + Quin

L/ s

» A diverging flow leads 10 a langental pattern of polsnsalol




' <Q>(0) [UK]

’0. 8 Lasssadasalasnd)

' 0 !

>

§ W Dauched Fanes 2F | SmPTEC Led

graAn AN

e

3

.-.*__' [‘.u‘ _‘J.‘p;q.'

.
.

l
.
..._‘.;.._A.._A-s-'o-....&_._..._x-;...o it

———————————— —



Evolution of single over dense lumg
COIIlOVlllg cooraimmates

Daniel Eisenstein 2006 92



Evolution of Lumgs Comgonents
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New Dark Energy Tool: Acoustic Oscillations

Fluctuations on all scales, but there is a characteristic scale.

CMB (WMAP 2003): Photon+Baryon SDSS (2005): Baryons
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e Smallest systematic errors (DETF), simple physics

e Angles easier to measure than fluxes and source shapes
e Gives two independent measures, H(z) and D(z), from
radial and transverse correlation function

e Can usefully measure w(z) to z~2
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Baryon Acoustic Oscillations (BAO)
%

Motivation: BAO is one of the 4 dark energy experimental techniques
[J Supernovae -- standard candle, | results in 1998
‘J BAO -- standard ruler, I results in 2005
‘v: Weak Gravitational lensing
= Cluster counts
Standard ruler at z=0.3 (galaxy maps)

Standard ruler at z=1100 (CMB) e T, ’;ﬁr\

SDSS telescope
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Our Universe 1s flat - to high accuracy

* The theoretically predicted hot spot size (about 1 degree)
IS very close to what is observed
* Therefore, our universe is flat, or density parameter is ~1.0

If the universe is closed,
light rays from opposite
sides of a hot spot bend
toward each other ...

"

(a)

... and as a result, the hot
spot appears to us to be
larger than it actually is.

If the universe is flat,
light rays from opposite
sides of a hot spot do not
bend atall ...
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... and so the hot spot

appears to us with its true
size.

-

(<)

.\nk‘»
- ‘-——‘—'“- t
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If the universe is open,

light rays from opposite
sides of a hot spot bend
away from each other...

... and as a result, the hot
spot appears to us to be
smaller than it actually is.
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Measuring the Geometry of Space
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What we can learn from Spectral

Analysis/Comparison
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State-of-the-Art of the Universe

13.7 billion years old, expanding
Composition: 73% dark energy,
23% dark matter,

4% ordinary matter 2003 2010
Quantity Significance Value
2000 +1.7
0.994 + 0.011
0.273 + 0.014
" 0.456 + 0.001

0.728 + 0.016



