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Observation in fall
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Parallax

Observation in spring
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Parallax

Parallax inversely proportional to distance




Measuring the distance

H.S. Leavitt



Measuring the distance

[t is worthy of notice that in Table VI the
brighter variables have the longer periods.



Measuring the distance
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Spectrum
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Spectra and Doppler effect

We can measure the velocity of stars and galaxies from the
positions of spectral features.

receding star




Spectra of Nebulae

V.M. Slipher



Spectra of Nebulae
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The expanding universe



The expanding universe

A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY
AMONG EXTRA-GALACTIC NEBULAE

By EpwiNn HUBBLE
MoUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON

Communicated January 17, 1929
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Velocity-Distance Relation among Extra-Galactic Nebulae,



The expanding universe
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The expanding universe



The expanding universe
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The expanding universe




The expanding universe
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For distant objects we can infer distance from redshift



The expanding universe




The expanding universe

Distance record holder: GN-z1 |

Credit: NASA, ESA, and G. Bacon (STScl)

light travel time: | 3.4 billion years

age of universe at emission: 400 million years



The Cosmic Microwave Background

If the universe is expanding, it must have been denser and
hotter early on. Could there be radiation left over and
detectable today from this hotter period!?

Dicke, Peebles, Roll, and Wilkinson hoping to find out.



The Cosmic Microwave Background

Meanwhile 30 miles away:

Penzias and Wilson are troubled by noise in their experiment



The Cosmic Microwave Background

Penzias and Wilson are informed by Bernie Burke who is
informed by Ken Turner of a talk given by Jim Peebles

COSMIC BLACK-BODY RADIATION*

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

A. A. PENzZIAS
R. W. WiLsoN

May 13, 1965
BELL TELEPHONE LABORATORIES, INC
Crawrorp HiLL, HOLMDEL, NEW JERSEY




Project Echo



The CMB Dipole

Motion with respect to the CMB should cause a dipolar pattern

First measurement of right ascension, declination, amplitude

Isotropy of the 3 K Background

3.2+0.8 mK

PaurL S. HENrY *
Joseph Henry Laboratories,
Department of Physics,
Princeton University,
Princeton, New Jersey 08540

Received May 17, 1971.

Teaches us about direction and speed of our motion relative to
the CMB



The CMB Dipole

High significance detection



Spectrum of the CMB

Radiation left over from the hot early universe should have a
characteristic frequency dependence.



Mollweide projection

A convenient projection of a sphere into the plane traditionally
used to show CMB maps is the Mollweide projection.




COBE

DMR 53 GHz Maps




COBE

Observations at 3 frequencies allow to remove galactic emission

Somewhat noisy, low-resolution picture of the universe at
380,000 years old.






Higher resolution picture of the universe at 380,000 years old



Planck



Current and essentially final picture of the universe at 380,000
years old



Angular Power Spectrum

We cannot hope to predict individual features in the map

5 degrees

So we measure the strength of the signal as a function of scale



Angular Power Spectrum

We cannot hope to predict individual features in the map

| degree

So we measure the strength of the signal as a function of scale



Angular Power Spectrum

We cannot hope to predict individual features in the map

0.5 degrees

So we measure the strength of the signal as a function of scale



Angular Power Spectrum
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Angular Power Spectrum

Comparison between theory and data allows us to measure the
composition, geometry, and age of the universe

A very simple model fits the data

® 5% of energy density today in atoms
® 30% of energy density today in matter
e flat universe

e |3.8 billion years old



Angular Power Spectrum

Comparison between theory and data allows us to measure the
composition, geometry, and age of the universe

A very simple model fits the data

® 5% of energy density today in atoms
® 30% of energy density today in matter
e flat universe

e |3.8 billion years old
Assumes results from terrestrial experiments, e.g. properties of
hydrogen, 3 species of neutrinos, ...

Can be independently constrained from the data

Neg = 2.99 £0.17



Angular Power Spectrum
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Polarization

un-polarized sunglasses polarized sunglasses



Polarization

No net polarization in a homogeneous medium



Polarization

Net polarization for a temperature quadrupole



Polarization

model prediction
data

1500

model prediction
data

1500 2000
(Planck 2015 XilI)




Predicting large scale structure



Horizon problem
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Horizon problem

We see the same temperature everywhere, yet
according to our model different parts of the sky never
communicated with each other.



Horizon problem

The angular power spectrum implies that fluctuations
have the same phases across the sky



Horizon problem
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Polarization measurements provide further evidence for
phase coherence.

In Einstein’s General Relativity, this requires either
accelerated expansion or decelerated contraction.



Inflation

According to inflation the early universe underwent a
period of nearly exponential expansion when it was
merely 10~°% seconds old.



Inflation

A clock is needed to determine the end of inflation.
Quantum fluctuations in this clock are the source of the
fluctuations we see in the CMB



Inflation

Inflation also predicts quantum fluctuations in spacetime, which
lead to a characteristic polarization pattern — “B-modes”
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Some of the simplest models have been ruled out, but the search is
just getting started.



Current CMB Experiments

Stage lll: now

POLARBEAR/

Simorjiérray .l

ABS



Future CMB Experiments

Stage 111.5:2021-2028




Future CMB Experiments

CMB-54: 2028-2035




Future CMB Experiments

LiteBIRD

Selected by JAXA in 2019
Launch in 2028



Beyond Inflation
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These experiments will not only provide new insights into the
earliest moments of our universe, they will also

measure the content, age, and geometry of the
universe with even higher precision

map the matter in the universe
map the hot gas in galaxy clusters

constrain light particles beyond those in the
standard model of particle physics



Beyond Inflation



Conclusions

Looking out into the universe allows us to look back in time.

The earliest “light” we can see is radiation left over from the
hot early universe, the cosmic microwave background

Observations of the CMB constrain the composition, age, and
geometry of the universe to within a per cent.

The observations reveal a very simple universe.

The properties of the CMB imply an earlier period that
generated the perturbations we see.

This earlier period may also have generated fluctuations in
spacetime itself, which would generate a characteristic
polarization pattern in the CMB.

Work is currently ongoing to look for this signal.

With luck we may learn a great deal about the first fractions
of a second of our universe.



Thank you



