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1912 Vesto Slipher= - i5HE EEN DD F A IRIZ T &
(Lowell Observatory)
1924  Carl Wirtz, Knut Lundmark == 3 Z2 AN EEIFHDEE
FYUEHERSIRIBL TS EZERA,
1929  Edwin Hubble* - - *HubbleM ;LRI D F R : £R 0] &= T Fa g
& ZTDRBEARDZBRE(LLLFHIBRRIZHS !
(100 inch telescope at Mt. Wilson)
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FLRW (Friedmann-Lemaitre-Robertson-Walker) metric

cosmological principle (FFEHRIE)
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HhEK

1.50 x 101 m

1pc =3.0857 x10* cm =3.26 light year
cH,' =2.998x10°h™ Mpc =9.25x10°"h™ cm
H,' =9.8x10° h™ year

=138 {54 Ifh=0.71




E. Hubble “The Realm of Nebulae” (1936)
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4 )
A Measurement of Excess Antenna Temperature at 4080 Mc/s
by A.A. Penzias and R.W. Wilson

. Astrophysical Journal 142 (1965) 419-421 )

Measurement of the effective zenith noise temperature of the 20-foot
horn-reflector antenna at the Crawford Hill Laboratory, Holmdel, New
Jersey, at 4080 Mc/s have yielded a value about 3.5 K higher than
expected.

A possible explanation for the observed excess noise temperature is the
one given by Dicke, Peebles, Roll and Wilkinson (1965) in a companion
letter in this issue. »
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1978 Nobel Prize:

Discovery of cosmic microwave background radiation
Arno Allan Penzias and Robert Woodrow Wilson
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STEVEN WEINBERG

Winner of the 1979 Nobel Prize for Physics
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Figure 7. The Planck Distribution. The energy density per unit
wavelength range is shown as a function of wavelength, for
black-body radiation with a temperature of 3° K. (For a tem-
perature which is greater than 3° K by a factor f, it is only
necessary to reduce the wavelengths by a factor 1/f and increase
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COBE=COsmic Background Explorer Nov. 18th, 1989
WMAP=Wilkinson Microwave Anisotropy Probe June 30t", 2001
PLANCK May 14t, 2009
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COBE
W/ =9.557 3.3 mm

AESRE=7E 2 <1 <20
WMAP

W/ =13.6,9.1,7.3,4.9,3.2 mm

B4 MERE =02 2 <1<1200
Planck 2 <1 <2500

low frequency 10.0, 6.8, 4.3 mm
High frequency 3.0, 2.1, 1.4, 0.85, 0.55, 0.35 mm
AE 5HfEEE= K&K10.0mm DIHFE >335 KE0.35 mmDIFE->5.0%
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Three Instruments of the COBE

DIRBE (Diffuse InfraRed Background Experiment)......Mike Hauser
measure the infrared background radiation

DMR (Differential Microwave Radiometer)....... George Smoot
search for anisotropy at 3.3mm, 5.7mm, 9.5mm

angular resolution=7 degree

FIRAS (Far InfraRed Absolute Spectrometer)..... John Mather
spectral distribution of CMB in 0.1 — 10 mm

21



COBE Smoot et al. 1992
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Fig. 6. The first FIRAS result (Mather et al. 1990). Data had been accumulated during nine
minutes in the direction of the northern galactic pole. The small squares show measurements
with a conservative error estimate of 1%. The unit along the vertical axis is erg (cm s sr) ™.

The relation to SI units 1s 1 MJy st =2.9979.10" erg (cm s 51‘)'1. The full line 1s a fit to the

' T, =2.735+0.060 K



T, =2.725+0.002 K
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Fig. 7. Results from FIRAS published 1994 (Mather et al. 1994). Data points show deviations
from a blackbody spectrum with the temperature 2.727 K (final result for the temperature 1s
2.725 £ 0.002 K, Mather et al. 1999). Largest deviations were 0.03% of the maximum

radiation. From Mather et al. 1994,
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13+4 /LlK (AT [T :5x10_6) ; AT = 18 uK

Fig. 5. DMR results (Smoot et al. 1992, http://lambda.gsfc.nasa.gov/product/cobe/ ) in
galactic coordinates (horizontally longitude from + 180° to -180°. vertically latitude from +
90° to -90°. centre approximately on the Milky Way centre. The data from the 53 GHz band
(6 mm wavelength) showing the near uniformity of the CMB (top). the dipole (middle) and
the quadrupole and higher anisotropies with the dipole subtracted (bottom). The relative

sensitivities from top to bottom are 1. 100 and 100.000. The background from the Milky Way,

not following a blackbody spectrum (visible as a horizontal red band in the bottom panel), has
not been subtracted.
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2006 Nobel Prize:
The blackbody radiation and anisotropy of the cosmic

microwave background radiation
John C. Mather and George F. Smoot
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WMAP Bennett et al., 2013
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Planck arXiv:1303.5062[astro-ph.CO]

wave length: 0.35mm - 1cm
9 wave band

=500 e —— 500 ‘U,Km

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization). 29
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-10* -10' -10 ~101 10 10" q0* “10f + 30" - 10"
30-353 GHz: 8T [uKoy); 545 and B57 GHz: surface brightness [kly/sr]

Fig. 9. The nine Planck frequency maps show the broad frequency response of the individual channels. The color scale (shown below) has been
tailored to show the full dynamic range of the maps.
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Planck Collaboration: The Plard: mission

Angular scale
90°  18° 1° 0.2° 0.1° 0.07°

10 50 500 1000 1500 2000 2500
Multipole moment, £

Fig 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
arc well fit by a simple six-paramecter ACDM theorctical mode] (the model plotted is the one labelled [Flanck+WP+highL] in Planck Collaboration
KWI1(2013)). The shaded arca around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
alsoinclude cosmic variance. The horizontal axis is logarithmic up to £ = 30, and lincar beyond. The vertical scake is (¢ + 1)/ 2x. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XXV 1 (2013), but it has been rebinned to show better
the low-£ megion. -
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FEHESEANCEONI-FEHMR/ \NTA—H
RT A—H—  WMAP+ACT+SPT PLANCK+WP
0, h? 0.02229 +0.00037 0.02205+0.00028
Q,,,h? 0.1126 +0.0035 0.1199 +0.0027
Q, 0.728+0.019 0.68570%¢
10°P, 2 2.167 +0.056 2.196°2%!

N, 0.9646 +0.0098 0.9603+0.0073
r 0.084+0.013 0.089*2%%2
SRS i) 137.42 +0.77{84F 138.17 + 0.48{&4F
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R(K) = [d°% R(t., X)e*", (k)= [dh; (t., X)e*",
t. = horizon exit
Power spectrum:

<ATT (n) ATT(n ')> o (REVRK)) = 272) 5 (K +K)P. (K)

& (h(K)h, (k")) = (27)*5° (K +K )8,.P, (k)
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P.(K)=—— K P, (k) = const. h , N, =0.9603+0.0073
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n, =1 Harrison -Zel'dovich
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(27 K,
scalar-tensor ratio r: r = A (k)
P (k)
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Tensor-to-Scalar Ratio (r)
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arXiv:1303.5062[astro-ph.CO]

EEEE i1

Planck+WP
Planck+WP+highL
Planck+WP+BAO
Natural Inflation
Power law inflation
SB SUSY

R2

V x ¢?

V x ¢*/3

V x ¢

V x ¢3

Primordial Tilt (n;)

Fig. 26. Marginalized 68 % and 95 % confidence levels for n; and r from
Planck+WP and BAO data, compared to the theoretical predictions of
selected inflationary models.
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D. Baumann,arXiv:0907.5424 [hep-th]
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Table 1: Major Events in the History of the Universe.

Time Energy
Planck Epoch? <1078 s 1018 GeV
String Scale? > 1078 s | < 10" GeV
Grand Unification? ~ 1073 5 101 GeV
Inflation? > 107 s | < 10" GeV
SUSY Breaking? <107 s > 1 TeV
Baryogenesis? < 10710 g > 1 TeV
Electroweak Unification 10719 1 TeV
(Quark-Hadron Transition 1074 s 102 MeV
Nucleon Freeze-Out 0.01 s 10 MeV
Neutrino Decoupling ls 1 MeV
BBN 3 min 0.1 MeV
Redshift
Matter-Radiation Equality 10* yrs 1 eV 10*
Recombination 10° yrs 0.1 eV 1,100
Dark Ages 10° — 10® yrs > 25
Reionization 10® Vs 25—6
Galaxy Formation ~ 6 x 10% yrs ~ 10
Dark Energy ~ 107 yrs ~ 2
Solar System 8 x 107 yrs 0.5
Albert Einstein born 14 x 10° yrs 1 meV 0
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The accelarating Universe (1998)

2011 Nobel Prize in Physics
The accelerating expansion of the Universe

Saul Perlmutter, Brian P. Schmidt and Adam G. Riess
42



SCP (Supernova Cosmology Project) .... Saul PerImutter et al.
analyzed 42 Type la Supernova

HZT (High-z Supernova Search Team)......Brian Schmidt, Adam Riess
analyzed 16 Type la Supernovae

d, = 4_LI L = absolute luminosity of the standard candle
T
| =apparent luminosity
d = Hi[z +%(1— Qo) 2% +eenee. } g, = deceleration parameter
0

1+ 7 % dz'

Ho 9 \/QM 1+2)°+Q,

d =d (z,H,,Q,,Q,)=
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Figure 1: The Hubble diagram for 42 high redshift type Ia supernovae from SCP and 18
low redshift supernovae from the Calan/Tololo Supernova Survey. The solid curves
represent a range of cosmological models with A = 0 and Oy = 0, 1 and 2. The dashed
curves show a range of ’flat” models where (o + Q, = 1. Note the linear redshift

scale.
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Figure 2. The left-hand panel shows the results of fitting the SCP supernova data to
cosmological models, with arbitrary Q,; and Q5 [28]. The right-hand panel shows the
corresponding results from HZT [27]. 46



20

0.0 05 1;0
Qpy
Figure 3. A summary figure from Review of Particle Properties, http://rpp.IblL.gov,

showing the combination of supernova observations (SNe), the microwave

background (CMB) and the spatial correlation between galaxies (“Baryon Acoustic
Oscillations”, BAO).
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BICEP2

Background Imaging of Cosmic Extragalactic Polarization 2
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FIG. 1.— The BICEP2 telescope in the mount, looking out through the roof of the Dark Sector Laboratory (DSL) located 800 m from the geographic South Pole.
The three-axis mount allows for motion in azimuth, elevation, and boresight rotation (also called “deck rotation™). An absorbing forebaffle and reflective ground
screen prevent sidelobes from coupling to nearby objects on the ground. A flexible environmental seal or “boot” maintains a room temperature environment
around the cryostat and mount. The telescope forms an insert within the liquid helium cryostat. The focal plane with polarization-sensitive TES bolometers is
cooled to 270 mK by a 4He/*He/*He sorption refrigerator. The housekeeping electronics (§8.4) and Multi-Channel Electronics (MCE, §9.2) attach to the lower
bulkhead of the cryostat.
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FIG. 3.— Lefi: BICEP2 apodized E-mode and B-mode maps filtered to 50 < £ < 120. Righi: The equivalent maps for the first of the lensed-ACDM-+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at £ 22 70). (4Bo

note that the E-mode and B-mode maps use different color/length scales.)
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Fi1G. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-ACDM.
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Fig. 18. Fiducial lensing power spectrum estimates based on the 100,
143, and 217 GHz frequency reconstructions, as well as the minimum-

variance reconstruction that forms the basis for the Planck lensing like-
lihood.
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wave function for k
\

Power Spectrum P Pr ~ (RER_})

(R 1 'R'kz’Rks )y =7

R(t,)?)z_[ gﬂl;s Rk(t)eiﬁ-i, R_R(t)=7?,k(t)*

(

vacuum (Bunch-Davis vacuum): a(k)|0)=0 < gaussian wave function

(almost scale invariant) power spectrum (Harrison-Zeldovich)
< zero point energy of the inflaton and graviton!



