Astronomy at 100 below:

Going to the ends of the Earth to see the
beginnings of time
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ubble Ultra Deep Field
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Olber’s Paradox
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In an infinite cloud of stars,
all rays hit a star
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' Despite this logic and the dark sky, :
modern cosmology postulates an infinite
< Universe ...

Where did Olber go wrong? o
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The Hubble Ultra Deep Field
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The Hubble Ultra Deep Field
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- Broken assumption #1: The Universe :
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Broken assumption #1: The Universe  *
- isn’t eternal. :
- Current age: 14 billion years '
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First noticed by Edwin Hubble
Hubble’'s Data (1929) 1. Everything is

moving away
from us...
2. Further

away objects
move faster

1000 |-

500

o
I

Recession Velocity (km/sec)

The Universe is
expanding!

Distance (Mpc)



Cosmological redshift (z)

aaq

universe expands...

_’ M‘_‘
photon wavelength stretched or
redshifted



Expanding Universe
Hubble’'s Data (1929)

1.A measure of
now much
arger the
Jniverse is
today than
when the
light started
0% g ° its journey to

0 1 2 US
Distance (Mpc)

eey~ Redshift

Hubble wasn’t actually
— measuring velocities

% 1000

2 500 |




George Lemaitre first
proposed this in 1931

There Is a beginning

* Run the clock backwards
— Galaxies converge together
— Universe gets smaller, denser, hotter
— Till you hit the singularity

» The Universe has a finite age!



Can we see the beginning?

Our sun:
We see the
surface ~ 5500K

The core is 3000x
hotter, but shielded
from view

SDO/AIA 304 2010-11-17 18:05:33 UT



Image credit:

We are inside a glowing sphere J. Carlstrom
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We should see the hot plasmal ~ photon
Expected temperature (back then): First predicted
half the Sun’s in 1948




Discovery of the Cosmic Microwave Background

direct evidence
for a Hot Big
Bang

1978 Nobel prize

BSVERIGE 2.90

— Bob Wilson @ anniversa

J
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Arno Penzias & Robert Wilson in front of the
20ft Bell Labs antenna used to discover the
microwave background in 1965



A better place to look

South Pole Station



Why ¢
. ” * ANTARCTICA
Antarctica? el

En’;f«]f}:(_? A(‘ lnaCCCSSib'"ty Ice S}?("“’
¢ WEST o douth
D\ANTARCTICA Pole
1. Height » >
<" HY K L Law
0 lee Shelf

=MDome

» Highest point:
- 4.9 km B

- Lowest: [
> -2.6 km (+4 km of ice)

* The ice is really thick. Plateau averages
3km (SLAC is 86m above sea level)



Reason 2: Martian Temperatures

Credit: NASA/JPL Seasonal Temperature Ranges at Gale Crater

(with temperatures in Los Angeles at equivalent seasonal points)
100°F
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the cold means its Vlery Dry!

Precipitation:
Outback deserts: <15 cm/year
Sahara: 10 cm/year

South Pole: 7cm/year

‘-

Effectively a desert despite sitting on 2km of ice
which matters because
Water is terrible for microwave astronomy



Why is water bad for microwave astronomy?

Remember how your microwave works...



ACBAR (gone)

BICEP2 (gone),
replaced by BICEP3

Keck Array (gone),
replaced by BICEP array
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The goal: exquisite maps of the
Universe just after the Big Bang

Credit: Planck



What are we looking at?

Lots of expanding spherical sound waves

Credit: Planck


https://www.flickr.com/people/31191642@N05

Adding “pebbles”

1

Credit: Adam Hincks



Adding “pebbles”

10

Credit: Adam Hincks



Adding “pebbles”

100

Credit: Adam Hincks



Adding “pebbles”

1000

Credit: Adam Hincks



Adding “pebbles”

10,000

Credit: Adam Hincks



Adding “pebbles”

100,000

Credit: Adam Hincks



Adding “pebbles”

490,000

Credit: Adam Hincks



We know how sound works!

Thus, we can use the patterns to learn about:
what is the Universe made of?
what are the ‘pebbles’ - what caused the Big Bang? What is
dark matter?




Follow up: The Smoothness problem

The temperatures in
this room likely vary
by 1-C Y

ie 1 partina 300 (s

How can you do |

better acrgss the Observed temperature
- - 019 variations in CMB:

entire Universe?!” 1 part in 100,000



Is special relativity wrong???
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Light hasn’t had enough time to get
from 1 side to the other...
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Special relativity says nothing about how
spacetime evolves though
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Is there a way to expand space-time o | pheteon

side step this apparent paradox?
T e




Solving the Smoothness Problem

It’s easy, in B
~0. 00000000000000000000%0000000001 seconds

you simply/stretch out space by at least
100,000,000,000,000,000,000,000,000,000 times
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Can we see
Inflation?

—

Today

- 14 billion years
Life on earth \ T

- =

Star formation peak S
Galaxy formation era\ §
Earliest visible galaxies\-

Recombination Atoms fom \——400,000 years' +=+-
Relic radiation decouples (CMB)

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created — D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Stars
and
stuff

Cool

physics!
«—1— LHC
energies

Image credit:
EPS Shellard

2003



Today —
Life on earth’\ %

~400,000 years Stars
post Big Bang and
stuff

Matter domination
Onset of gravitational collapse

Early Universe

is opaque to
| ig ht Nucleosynthesis

Light elements created - D, He, Li
Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Cool

physics!
«—1— LHC
energies

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Image credit:
EPS Shellard
2003



~3 minutes
post Big Bang

Today
Life on earth \

Star formation peak \
Galaxy formation era\ \
Earliest visible galaxies\-

Recombination Atoms form Y——4&5

Relic radiation decouples (CMB)

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created — D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking
Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Cool

physics!
—— LHC

energies

Image credit:
EPS Shellard
2003



Today

14 hillion years
Life on earth’\_ =

Stars
Galaxy formation era\ =~ and
(7)) Earliest visible galaxie St u.ﬂ:
)
>
© Recombination Atoms form
; Relic radiation decouples (CMB)\ ¢
© Early Universe Matter domination
CC) | S Op aq ue tO Onset of gravitational collapse
'("% light Nucleosynthesis _
-+ Light elements created - D, He, Li
S Nuclear fusion begins
©
—
Quark-hadron transition
O Protons and neutrons formed COOI
ics!
Electroweak transition p hyS ICS:
but not [ LHC
g ravitational Supersymmetry breaking energ ies

waves Axions etc.? \ 4

Grand unification transition
Electroweak and strong nuclear

forces differentiat .\
SO maybe e Image credit:
Quantum gravity wall EPS Shellard

Spacetime description breaks down

2003



Will there be gravitational waves?




Will there be gravitational waves?

« G. Waves come
from accelerating - - s o P
masses |

. World
Ik Science
Festival




Will there be gravitational waves?

« G. Waves come from

accelerating masses

* Plenty of
acceleration...

+ Almost perfectly
homogenous ...

— But still guantum
fluctuations

. World
Ik Science
Festival

So yes



Wavelengths comparable to the size
of the Universe

age of the universe

wave period
Inflation
(CMB):
T=1016g  frequency (Ha)
<

(billion years)

detectors

polarization
map of cosmic
microwave

binary supermassive
black holes in
galactic nuclei

10" 10

precision timing
of milisecond

pulsars
(1982 to date)

phasa transitions
in the early universe

black holes, compact
stars captured by
supermassive holes
In galactic nucled

binary stars in
the galaxy

and
bev

seconds

mergng binary
neutron stars and
stellar black holes

in the distant galaxies

fast pulsars
e Neutron
ilsscons | StAT
mergers
(LIGO):
T=102s

(10 ms)



A million trillion times larger than LIGO

wave period
Inflation
(CMB):
T=1016g  frequency (Ha)
<

(billion years)

detectors

binary supermassive
black holes in
galactic nuclei

phase transitions
in the early universe

black holes, compact
stars captured by
supermassive holes
in galactic nuckel

binary stars in
the galaxy

mengng binary
neytron stars and
steliar black holes

in the distant galaxies

fast pulsars

e Neutron
star
mergers
(LIGO):
T=102s

(10 ms)

We can’t build a big enough tunnel...



G. Waves show up as polarized
power at large scales

10* -
—— primordial B modes
103 . —— FE modes
— temperature
1 02 lensing B modes
Y
i 101 L
=
O 10° - gmtominnen,
E ; oty ~909 @ IOOGHZ
10
-
+ 10

Galactic
Foregroungl§

fA 1/@200GH2 =

Larger scales
_

Smaller scal_els

(>4 times diameter of moon)

from CMB-S4
Science Book
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Searches underway for gravllta'tlonal

rdit:
Robert
Schwartz

.

Questions?



