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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




CMB@50

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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Angular Power
Spectrum

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

the primordial perturbations.
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(Pen, Seljak, Turok 1997)
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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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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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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.

e dark energy Qpn = 0.685 £ 0.013
e dark matter 0.h% = 0.1197 + 0.0022

* baryonic matter Qph? = 0.02222 + 0.00023
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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.

e dark energy p = 0.685 + 0.013
e dark matter Q.h? = 0.1197 £ 0.0022

600 detection of dark matter

(850 after inclusion of CMB lensing)




LCDM

Von Neumann:  “With four parameters | can fit an elephant,
and with five | can make him wiggle his trunk.”




LCDM

Von Neumann:  “With four parameters | can fit an elephant,
and with five | can make him wiggle his trunk.”

in the context of LCDM, we can predict the TE and EE angular
power spectra and compare with the Planck measurements
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Von Neumann:  “With four parameters | can fit an elephant,
and with five | can make him wiggle his trunk.”

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

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

scale structure” and supernova data

(Anderson et al. 2013) (Betoule et al. 2014)
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* on small scales baryonic feedback should be understood
better to assess whether there are departures from LCDM



LCDM and the Standard Model

LCDM provides a remarkably successful description of our
universe on large scales




LCDM and the Standard Model

LCDM provides a remarkably successful description of our
universe on large scales
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LCDM and the Standard Model

Comparison of the standard model and LCDM raises many
questions

* What is dark energy?

* What is dark matter?
* What is the origin of the baryon asymmetry?
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Generating Primordial Perturbations

Measurements of the CMB have taught us that the
primordial perturbations

* existed before the hot big bang
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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
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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




TR {2 s @ L £ h P ; i
P S I3 iayl by Q 2 BTt G Db b QR & S T “ ‘4 i R ,\.,. A ‘t
o) - N T 17T - -~4- 3 - ..’.“ -I SN $-. R ” & gt Lok "
- altule i ges i 101 :.‘.c.",', ~;‘-.- we 11 A '=»_-.;- Ne en m '\ ~a| 3" x;‘.--.‘.".\;\:".w: AN .‘«:,' AT

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 by

* 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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Neutrinos

The race for neutrino mass and hierarchy

cosmology

KamLAND-Zen
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see also constraints from:
CUOREOQ+Cuoricino, GERDA, HdM, IGEX, NEMO3



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.



Dark Matter

See other sessions for nice talks on constraints on
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Dark Energy

Depending on the theorist, dark energy
is either the one of the biggest
problems in particle physics, or no
problem at all.

We should probe it experimentally
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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.
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