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A Simple but Strange Universe

A simple model with a handful of parameters (the age of the
universe, the density of atoms, the density of matter, the
amplitude of fluctuations and how the amplitude varies with
scale) fits all of our cosmological data

* The model implies that the atoms make up ~5% ot the
universe and the rest 1s in the form of dark matter and dark
energy

* The early universe underwent a period of accelerated
expansion called inflation. During this very early epoch, tiny
variations in the expansion rate led to the formation ot all
known structure.



Quick History of the
Universe

Cosmic HiIsToORY

« Universe starts out hot, dense

and filled with radiation "
» As the universe expands, it ,,,,,,',I

cools.

During the first minutes, light elements form
After 500,000 years, atoms form
After 100,000,000 years, stars start to form

After | Billion years, galaxies and quasars
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Cosmic Background Radiation

COBE map

* Top: 0-4 degrees K

* Center: Dipole due to the Earth’s
motion (1 part in 1000)

* Bottom: After removing the diple,
the cosmic anisotropies are 1 part
in 100,000
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“Clean” Map of the Universe (Our
baby picture)
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Amplitude of Temperature Fluctuations

What Have We Learned!?
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Simple model fits a wide
range of data (only 5
numbers)

Age of universe:13.7 Gyr

Composition:

= Atoms: 4%

= Matter:23%

= Dark Energy: 73%

Scale Invariant Fluctuations
seed growth of galaxies



Growth of Structure

7=28.62 -

National Center for Supercomputer Applications by Andrey Kravtsov



The pieces seem to fit....

Supernova distance

= NOBEL PRIZE 201 I
Hubble Constant

Age of Universe 04| Flat ACOM

Empty Universe

Cluster Properties o 05 10

&

Cosmic Abundances
Gravitational Lensing

Absorption Line Statistics



Model fits data over 1013solar
masses 1n scale and 108 1n time

. —————
*  SDSS DR7 (Reid et al. 2009)
*  LyA (McDonald et al. 2006)
O ACT Clusters (Sehgal et al. 2010)
O CCPII (Vikhlinin et al, 2008)

—&— ACT CMB Lensing (Das et al. 2011) |
*  ACT+WMAP spectrum (Hlozek et al. 2011)
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Planck Satellite
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Planck and WMAP: the same sky
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Temperature Variance 2,
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LLCDM Model Fits CMB

WMAP 9-year
Planck 2013

ACT-2013 SPT-2012
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http://doodle.com/b2vdr3tzxnr7x8ua
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Multiple Precision Probes

CMASS

DR11 post—recon

BAO

"A detailed investigation of the spectrum of
fluctuations may, n principle, lead to an understanding
of the nature of initial density perturbations, since a
distinct periodic dependance of the spectral density of
perturbations on wavelength (mass) is peculiar to
adiabatic perturbations.” - SZ. 1970 abstract
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Sloan Dig
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Sound Waves in the Sky

SDSS 3

SDSS MGS

BOSS CMASS
BOSS LOWZ
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Consistent Cosmology

Supernova data

Large-scale structure data (galaxies, quasars,
Lyman alpha forest)

Gravitational Lensing (CMB + Optical)
Stellar, Nucleosynthesis and Cosmology Ages
Big Bang Nucleosynthesis




Need New Physics!

Dark matter
Dark energy
Baryongenesis

What generates the fluctuations that we see in
the microwave sky and that form microwave

background



Testing Intlation

Angular Scale
2° 0.5°

I(1+1)C,/2n [uK?]
s 8 8 8

:

» Fluctuations are gaussian, nearly-
scale invariant, adiabatic and

SUPER-HORIZON
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Intlationary Check List

- Flat universe /

* Superhorizon tluctuations /

« Adiabatic fluctuations
* Gaussian fluctuations /

e Gravitational Waves



E + B modes
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Anne Rockwell

IS 1t correct?

* Is it on the sky? No systematics paper..
» Could it be galactic emission?

23 GHz [polarized]

lines: Y rotated 90°
color: I3s3
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Synchrotron
Dust at 353 GHz (Planck)



Need to Rely on Planck 353 GHz Data to
Estimate Dust Contribution

Apparent polarization fraction (p) at 353 GHz, |1° resolution
, _ T

0.02 — '
/ — — —lens+r=0.2 Not CIB subtracted
/ BSS
y I
0.015} //J[\ e _Iﬁgé
\o\ _
/)f — — PSM
y ——— DDM1
0.01} / — DDM2 .

I(+1 )CIBBIZn [uK?]

p ranges from 0 to ~20%
Low p values in inner MW plane. Consistent with unpolarized CIB

Large p values in outer plane and intermediate latitudes

Bernard J.Ph,, ESLAB 2013 6
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Joint Bicep/Keck/Planck Analysis
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Litebird

Japanese led small satellite with
US & European participation .

Multifrequency data should
enable definitive measurement
of optical depth and reionization
history

Should improve constraints on r
(or detect gravitational waves)
— 1-2 orders of magnitude
iImprovement

Currently in phase A



Tensions

e Hubble Constant
e BAO + Nucleosynthesis or Planck -> 68
e Local distance ladder -> 73

e Amplitude of Fluctuations

e | ensing measurements: 0.77

e Planck: 0.83



DES Y1 vs. Planck

DES Y1
DES Y1+Planck No Lensing
DES Y1+Planck+BAO+JLA

FIG. 14. wCDM constraints from the three combined probes in DES Y1 and Planck with no lensing in the {2,,,-w-55-f subspace. Note the
strong degeneracy between A and w from Planck data. The lowest values of w are associated with very large values of &, which would be
excluded if other data sets were included.




CMB Spectrum: TT

SPTpol 500d

| | 1 | |
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Multipole number ¢

Henning et al. Astro-ph/1707.09353




CMB Spectrum: TE
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Henning et al. Astro-ph/1707.09353



CMB Spectrum: EE
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Henning et al. Astro-ph/1707.09353



Tensions Continued

J. W. Henning, J.T. Sayre, C. L. Reichardt, et al

Hm SPTpol-low
Bl SPTpol-high
| SPTpol
PlanckTT

TABLE 5
ACDM CONSTRAINTS

Parameter Dataset
SPTprOL PLANCKTT

Free
IOOQbh2 2.295 £+ 0.048 2.222 + 0.023
Qch? 0.1099 + 0.0048 0.1198 + 0.0022

1008Mc 1.0398 + 0.0014 | 1.0408 + 0.0005
Ns 0.9969 + 0.0238 | 0.9655 + 0.0062
10°Ase 27 | 1.7706 + 0.0414 | 1.8805 + 0.0138
Derived
Qa 0.736 + 0.025 0.685 + 0.013
o8 0.769 + 0.023 0.830 + 0.014
H, 71.23 + 2.12 67.30 + 0.96

enning et al. 2017




AdvACT: Deep Wide and Multi-frequency
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Advanced ACTPol Survey:

20,000 square degrees, complete overlap with LSST
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(L +1)/(2m)CP° (uK)?

AdvACT polarization forecast
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The Slmons Observatory
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SUMIRE: HSC+PFS
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WIDE-FIELD INFRARED SURVEY TELESCOPE
DARK ENERGY * EXOPLANETS s ASTROPHYSICS

* WFIRST combines all
techniques to determine
the nature of Dark

Energy.

* Only observatory doing
such comprehensive
observations

» High precision
measurements will be
optimally combined for
the best measurement

Weinberg & SDT 2015
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Conclusions

» The start of the millenium has been an exciting time for
cosmology. We have discovered that our universe seems to be
both simple and strange.

» The last millentum ended with the discovery of dark energy
and the new one began with precision CMB measurements

* Intriguging tension could be pointing to new physics (or
more likely systematics in the data)

» Next steps: discover the nature of dark energy and dark
matter, understand the origin of the universe!



