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Implications of CMB Observations

Raphael Flauger

TR

: A : ‘\'\( A‘",“\\. "
. é‘ S‘@‘%@M_@!“m

e Nh.‘_",




CMB@50

COSMIC BLACK-BODY RADIATION*

May 7, 1965
PALMER PHYSICAL LABORATORY
PRINCETON, NEW JERSEY

measurement of excess antenna temperature and
interpretation in terms of CMB published in July 1965

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

A. A. PENzIAS
R. W. WiLsoN

May 13, 1965

BELL TELEPHONE LABORATORIES, INC
Crawrorp HiLr, HOLMDEL, NEW JERSEY
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Velocity of the Earth with Respect to
the Cosmic Background Radiation

DipOIe E. K. CONKLIN

Radio Astronomy Institute,
Stanford University,
Stanford, California,

Recelved March 17, 1060,

Isotropy of the 3 K Background

3.2+0.8 mK

Cosine coefficient (mK)
\ |
»o
~

PaurL S. HENRY *

Joseph Henry Laboratories,
Department of Physics,
Princeton University,
Princeton, New Jersey 08540

Received May 17, 1971.

(Planck 2015: 3.3645 &= 0.0020 mK)
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VOLUME 65, NUMBER 5 PHYSICAL REVIEW LETTERS 30 JuLy 1990

Rocket Measurement of the Cosmic-Background-Radiation mm-Wave Spectrum

Spectrum

H. P. Gush, M. Halpern, and E. H. Wishnow

Department of Physics, University of British Columbia, Vancouver, Canada V6T 2A6
(Received 10 May 1990)
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A PRELIMINARY MEASUREMENT OF THE COSMIC MICROWAVE BACKGROUND
SPECTRUM BY THE COSMIC BACKGROUND EXPLORER (COBE)' SATELLITE

J. C. MATHER,? E. S. CHENG,? R. E. EPLEE, JR,, ® R. B. IsaAACMAN,* S. S. MEYER,* R. A. SHAFER,> R. WEIss,*
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Angular Power
Spectrum

Until ca. 1997 data was
consistent with defects
(such as strings) generating

the primordial perturbations.

CMB@50
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(Pen, Seljak, Turok 1997)

strings
monopoles
textures
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Angular Power
Spectrum
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Shortly after it became clear
that defects were not the
dominant source of primordial
perturbations.

(Jaffe et al.2001)
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100 500
Multipole moment [

Perturbations exist on scales
larger than the Hubble radius at
recombination.

Implies these perturbations
already existed at recombination

Together with General Relativity
it means they existed before the
hot big bang!
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Planck & WMAP

* Planck agrees very well with WMAP at WMAP resolution

WMAP 94 GHz Planck 100 GHz




Planck & WMAP

Planck 100 GHz
-WMAP 94 GHz =




Planck & WMAP

The small but visible difference is due to a CO emission line

Planck 100 GHz
-WMAP 94 GHz =

vs Planck CO(1 — 0) map




Planck & WMAP

* Planck agrees very well with WMAP at WMAP resolution

* but is much more powerful

WMAP 94 GHz Planck 100 GHz




LCDM

We have learned that the early universe is remarkably simple and
the CMB temperature data is in good agreement with the six-

parameter LCDM model.

Parameter

(Ade et al. 2015)
Planck TT+1owP

0.02222 + 0.00023
0.1197 + 0.0022
1.04085 + 0.00047
0.078 £ 0.019

3.089 + 0.036
0.9655 + 0.0062
67.31 + 0.96
0.315 + 0.013
0.829 + 0.014
1.880 + 0.014

* the sum of the neutrino masses is kept fixed at 0.06 eV



(Ade et al. 2015)
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LCDM

In the context of LCDM, we can predict the TE and EE angular
power spectra and compare with the Planck measurements

500 1000 1500
14

(Ade et al. 2015)
(systematics remain to be understood)



LCDM

In addition, LCDM is consistent with all low redshift large-

scale structure” and supernova data

(Anderson et al. 2013) (Betoule et al. 2014)

BOSS
CMASS,

WiggleZ
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Redshift
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* on small scales baryonic feedback should be understood
better to assess whether there are departures from LCDM



LCDM

LCDM describes our universe remarkably well on large scales,
but raises many questions

* What is dark energy?

e What is dark matter?
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Generating Primordial Perturbations

Measurements of the CMB have taught us that the
primordial perturbations

* existed before the hot big bang

I I . .
e are nearly scale invariant
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Generating Primordial Perturbations

The system of equations
describing the early universe

contains two important
scales k/a and H.

To generate the perturbations
causally, they cannot have been
outside the horizon very early
on, requiring a phase with

% (a\];ﬂ) =0 (inflation or bounce)



Inflation

The simplest system leading to a phase of
inflation (that ends) is

bl
167G

S diz+/—g R




Inflation

The perturbations are generated
as quantum fluctuations deep
inside the horizon, and eventually
exit the horizon.

Outside the horizon, a quantity R
is conserved.

This sets the initial conditions for the equations describing the
universe from a few keV to the present.

We observe the density perturbations in the plasma at
recombination that were seeded by the inflationary perturbations.



Inflation

For standard single field slow-roll inflation, the primordial
spectrum of scalar perturbations is

k ns—].

H>(t,)

A% (k) =

- 8m2e(ty)




Inflation

Assuming inflation took place, what can we learn about it
beyond n, and A%?

* What is the energy scale of inflation!?

> tensor modes
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Energy Scale of Inflation

In addition to the scalar modes, inflation also predicts a
nearly scale invariant spectrum of gravitational waves

2H? (tk)

T2

A (k) =

A measurement of the tensor contribution would provide a
dlrect measurement of the expanS|on rate of the unlverse
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Field Range

* For r>0.01 the inflaton must have moved over a super-
Planckian distance in field space. (Lyth 1996)

A¢~AN\/7M 1M

* This suggest a systematic study in the context of string
theory.

anti-NS5



Experimental Constraints onr

Planck TT4lowP
Planck TT4lowP+BKP

{-lensing+4-ext
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Experimental Progress onr

With the current data, we can constrain 7 with

* the tensor contribution to the temperature
anisotropies on large angular scales

* the B-mode polarization generated by tensors.




Experimental Progress onr

L(rrr,73R) before March

Planck+BICEP|

Constraint dominated by temperature data



Experimental Progress onr

L(rrr,7BB) after BICEP2

Planck+BICEP|
Planck+BICEP2

Constraint from polarization data comparable to constraint
from temperature and will soon be significantly stronger.



Experimental Progress onr

ongoing and upcoming:

Ground: BICEP2, Keck Array, BICEP3, SPTPol/SPT3G,ACTPol/
AdvACT, ABS, CLASS, POLARBEAR/Simons Array,
C-BASS, QUIJOTE, B-Machine,...

Balloon: EBEX, SPIDER, PIPER
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Primordial Non-Gaussianity

S (KSW)

Shape and method Independent  ISW-lensing subtracted

SMICA (T)
102 + 5.7 25 + 5.7
Equilateral -13 = 70 -16 = 70
Orthogonal -56 + 33 -34 <+ 33

SMICA (T+E)
6.5 5.0 0.8 + 5.0
Equilateral 3 43 -4 =+ 43
Orthogonal -36 21 -26 =+ 21

* No evidence for departures from Gaussianity in standard
LEO shapes (but possible hints for oscillatory shapes?)

* Some room for improvement with E-mode polarization, but
significant progress will rely on large scale structure surveys



Neutrinos

The race for neutrino mass and hierarchy

cosmology

KamLAND-Zen
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Neutrino Mass

Forecasts
— Planck (no lensing) + DESI
— Stage IV CMB -
= Stage |V CMB + DESI BAO
=== Stage IV CMB (no lensing). + DESI .
/ )/ . \
Cosmology

e.g. CMB Stage IV+DESI
o(my) ~ 0.016 eV

KATRIN m(v.) < 0.2eV at 90% C.L.



Conclusions

* The LCDM model with inflationary spectrum of

perturbations is consistent with all current cosmological
data.

e The standard model is consistent with all current
particle physics data.

* Many open questions in both cosmology and particle
h sics. remaln some of wh ch WIJI re u;re a omt effort
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