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Introduction of CMB
hysics-black body s ec

Hot Big Bang,Gamow, 1948, T~5K

Black body spectrum
Amhy® [c?
exp {27hv/kgT} — 1

T~3K,Penzias/Wilson, 1965
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Introduction of CMB
physics-black body spec-II

e Red-shift z~1100,electron-proton-> hydrogen,
T~3000K ~0.3 eV

e Before: electron-CMB photon
tight coupling (Thomson scattering) -> plasma;

e After: almost free streaming




Introduction of CMB

physics-black body spec-II

Red-shift z~1100,electron-proton-> hydrogen,
T~3000K ~0.3 eV

Before: electron-CMB photon
tight coupling (Thomson scattering) -> plasma;

After: almost free streaming
Wavelength (em)

Earth: H bounding energy w'g—rrr—————"rr————"r
Baryon/photon ratio ~ 1E-_12™% .
E C
— ~ 7 1070 3 3
13.6 eV/1log(lE-10)~0.3 eV ™ .
EE 107°¢ CORE satellite *
< * DMR CORE satellite 3
= = UBC sounding rocket
10721 © LBL-Ttaly White Mt. & South Pole |
O Princeton ground & balloon |
- 4 Cyanogen optical “‘
m—zz |

L PR R TR R | L L MR | L L PRI T
1 10 100 1000
Frequency (GHz)



Inflation-scalar
perturbation

Scalar Perturb Eq: @ﬂﬁ%+ﬁlhéﬁé=0

-

Scalar spectrum

P(k) ~ (66(k)36" (k) ~ Ack™ ' Planck : ng ~ 0.9603 £ 0.0073
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Inflation-tensor
perturbation

 Metric perturb EQ: ds® = a’[—dr? + (6;; + hyj)de'da?]

« Tensor spectrum: i (k) + (K2 = = )hy; = 0

T?

Pi(k) ~ A¢k" , Lyth bound : n; = —r/8 <0 Red spectrum



Inflation-tensor
perturbation

g
X t
e From Inflation t?KQ/I‘B: Boltzmann Eq
5T (A, t) _
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CMB anqular spectrum
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CMB polarigation I

e Linear Polarization: [ -+ -
Thomson Scattering

e Intensity tensor I
lij = —eoEiEj — iBz‘Bj lij = —eo B \
Ho

e Stokes parameter (4 cc
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CMB polarigation II

e Def ‘ 1006:

100 |

g fm - _
10 b

o I [EUCSITE i
e 5% 0.1 e o
0.01 |

0.001 |

0.0001 | ‘:::\ __

1e-05 | _-

16-06 e N
1 10 100




lk\._

d-esa peview of Planck C‘?

European Space Agency

temperature results

e Satellite: 2009/05 launched,L?2
point







-€Sa peview of Planck (%

n Space Agency

temperature results

Satellite: 2009/05 launched
First data release: 2013/03 T-map

Second data release: expected
2014/10~11, Pol-map

Full sky

Angular resolution: (~5')
Sensitivity: (AT/T ~2x107°)

9 frequency channels: LFI/HFI




Review of Planck
temperature results

100 GHE




Review of Planck
temperature results
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Review of Planck
temgerature results
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Tensor-to-Scalar Ratio (ryg2)

Review of Planck
temperature results
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Review of BICEP2
polarization results

e Location: South Pole




Review of BICEP2
polarization results

e Location: South Pole
e Ground base/ small patch of sky

(foreground relatively clean)

BICEP2 variance-weight map

0

Credit: P. Coles



Brightness Temperature (uK)
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Review of BICEPZ2
polarization results
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Review of BICEPZ2
olarization results

South Pole
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Review of BICEPZ2

polarization results

e BB spectrum

! — — —lens+r=0.2
BSs
LSA
—— FDS
FPSM
DDMA1
DoDm2 4

300

150 200 250
Multipole

10° ¢ :
- BICEP2 E 0.02 | T
- BICEP1 Boomerang
. | Quab
10° | QUIET-Q  WMAP
E GUII_T TATF FTAMLAA DM —_— : nn1':ll : 1
' — — — auto subtracted
IBQ 5o : : ' an cross subtracted
X { AR
005+ base result
B2xB1c [ 4 ',’.
B2xKeck (preliminary) [T
| | ‘r
0.04F - ; (R
I [ |I 'r | rr
< gl 1 W
X o003 £ BT A
H— | | | | ';.
& g P |I rf r'fr
m — | | I ‘.:_
9y 0.02f )~; l I
E - + Il _fr'rf
= 001k ) + ko ’r,r.r |
| t B 00
| T WA Ry
':' | —. —L- —_ —_ —_ - - - _ .\ % '\\._‘:.- .
0.0 . . . . 0 02 03 04 05 06
0 50 100 150 200 Tensor-to-scalarratior
Multipole



Review of BICEPZ2
olarzzatxon results

e BB Spectrum 04 I Pfam:.l’«:—l—WP hlghL 1
Planck+WP+highL+BICEP2

e Ns—-r contour

= ijgﬂi

BICEP2 w foreground

I |
0.94 0.96 0.98 1.00

r=0.16:02% r < 0.11 (95%CL)

BICEP2 o foreground Planck TT



Reconstruction of
primordial spectra: Cubic

e Cubic

InP(k) = «

spline method

arXiv:1404.3690

Spl 10€E Bin Hu, Jian-Wei Hu, Zong-Kuan Guo, Rong-Gen Cai
( dInP(k) k ] L
WL In k- + I P(ky). k<hy;
InP(k;), k€ {ki};
cubie spline, ki <k <kiyy;
dInP(k) k . .
dInk 1]1 kl 'bin -l_ ln ‘p(hh bin ) ! k‘ > kJﬁ"lhin :

T
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e Scalar spectrum: Power law Ak™ !

log-log -» straight line


http://arxiv.org/find/astro-ph/1/au:+Hu_B/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Hu_J/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Guo_Z/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Cai_R/0/1/0/all/0/1

Reconstruction of

primordial spectra: Cubic
sglxne.method
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Reconstruction of

primordial spectra: Cubic
spline method

e Scalar spectrum reconstruction:
Scalar index running dn./dlnk
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Reconstruction of
rimordial spectra: Cubic

spline method

e Reconstruction of tensor spec A"
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Reconstruction of

primordial spectra: Cubic
spline method

e 9 bandpower VS 5 bandpower

s« B2xB2
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Reconstruction of

primordial spectra: Cubic
spline method

e Conclusion:

1. Scalar spectrum: strong significance of non-
zero running (3\sigma)

2. Tensor spectrum: significant tension in Planck
and BICEP2 (2~3 sigma)

P_t Blue tilt
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