What Do Scientists; Know
About The Big Bang

' 4
-
'
3
’ 7 o
W for®
. - - i
‘e - —
— g7 9\ =R
L —— .‘ \
-~ / \ -
o/ “
” / \
-

John Carlstrom

Kavli Institute for Cosmological Physics
at the University of Chicago






SO,
i 2
. S,
° e 0.
v N. ’
5 e

L4

And

Th

L

eda Galaxy

rom

..

Y
- C
™ .

M31

axy

1

Ga




R NearbyGalaxyM31+The AndromedaGalaxy '.




100-inch Hooker Telescope
on Mt. Wilson

Distance (parsecs)

Hubble diagram of expanding universe (1930)



Velocity (km)

Distance (parsecs)

Hubble diagram of expanding universe (1930)



100-inch Hooker Telescope
on Mt. Wilson

—
E
4
S
>
>—
O
o
Q
>

Distance (parsecs)

Hubble diagram of expanding universe (1930)
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Credit: M. Blanton and the Sloan Digital Sky Survey
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The Hubble Ultra Deep F|eId
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Discovery of the Cosmic Microwave Background

“smoking gun”
evidence for a
Hot Big Bang

Received 1978 Nobel Prize

Arno Penzias & Robert Wilson in front of the

20ft Bell Labs antenna used to discover the
microwave background in 1965






















Physics 1s sitmple 1n the young universe —
It’s just an 10nized gas with sound waves
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Cosmic Microwave Background
Telescopes are time machines
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We are 1side a glowing sphere




Structure in background discovered in 1992

Smooth to a part in 100,000!
(the smoothness problem)



Structure in background discovered in 1992

COBE team leaders
John Mather & George Smoot
received 2006 Nobel Prize

Smooth to a part in 100,000!
(the smoothness problem)

| ”“C’OBE Satelite”



Solving the Smoothness Problem




Solving the Smoothness Problem

It's easy, In the first
~(0.0000000000000000000000000000001 seconds

you simply stretch out space by at least
100,000,000,000,000,000,000,000,000,000 times
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Solving the Smoothness Problem

It's easy, In the first
~(0.0000000000000000000000000000001 seconds

you simply stretch out space by at least
100,000,000,000,000,000,000,000,000,000 times

Inflation leads to flat (uncurved) space over
the scales we can ever hope to measure.









Checking the curvature of the Universe
with the biggest triangles possible

a If universe is closed, b If universe is flat, ¢ If universe is open,
“hot spots” appear “hot spots” appear “hot spots™ appear
larger than actual size actual size smaller than actual size

by using the structure in the microwave background

Freedman “Universe” textbook




'Andrew Lange
1957-2010

BOOMERANG
Williams Field, Antarctica
December 28, 1998
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DASI

cosmic microwave background telescope
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cosmic microwave background telescope



Sunset at the South Pole







Which is the right one?

Freedman “Universe” textbook



Universe” textbook

Freedman

Background to a flat Universe
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Einsteln:
Matter Curves Space

Since we measured the curvature of universe
— we can solve for its density



Average density of the Universe

Universe: equivalent to that of roughly 3 hydrogen
atoms per cubic meter



Average density of the Universe

Universe: equivalent to that of roughly 3 hydrogen
atoms per cubic meter

Density of air in this room: equivalent to roughly
400,000,000,000,000,000,000,000,000
hydrogen atoms per cubic meter



A bit more quantitative...

BO0.0 Hz

BASS TREBLE

Just like this characterizes the spectrum of sound,
we construct ‘angular power spectrum’ to
characterize maps of the cosmic microwave background.

And, it actually reveals the spectrum of sound
waves in the early universe.



you've used these before...

Manual




DASI & Boomerang results 2001

“All the News
hat's Fit to Print™

Che New HJork Times

.. No.51,739 MONDAY, APRIL 30, 200!

Capergin © 300 The New York Times

VOL.CL.

Listen Closely:  Scientists Hear the Tiny Hum

From Iiny Hum They Say Ignited the Big Bang
Came Blg Bang —— much of the information abost the

Moctuations, [fee (heir relaive nten
sity and spectrum, would reside i
’J‘r: -.‘I..‘.l acterislics Ul ch Ve rones
Ihose results rassed the prospect that

few rerunanis ¢f the inlual spark

‘Listening’ to the Origin of the Universe

Meamurements of a fant penasive radiation throughout space boltler 3 Theory of e unNverses orgn

THE MEASUREMENT

Contnued From Pege Al Tiny Buciations n the temperalure of woe
streiches Of tiy carry e mpart of &
wave of sound ke OonNe resenaling from

an Srgan pipe The man 1one 2 tal

MAN TONE SARMONCS

Ry JAMES GLANI
WASHINGTON, Aprll 23 — Two
detectors In Antarctica have dikscov-

atthe University of Chicags who wae
ot iovolved in the messuremerncs
said that the precise time the Nucw o NiMmonNcs

oy is

DOSt. Al Tw Ovriorw s
have smaller peaks. This

ereC mizute patterns in a glow from
primordul gases, posaibic traces of
the cosmic match that ignited the
Big Bang and led 10 e Creation of
the universe 14 billien years ago,
astranoners announced here today

The patterns, astrenomers sakd
were probably created by micro-
SCOPIC Processsd . aergy fluctus
tons at the gquantum scake - that
were at work when the universe was
a sizy fraction of a second ol and
amuallcr than a heman fiat

The mew observations &0 not see
the quaatum fuctuations directly
but nstead have found (races o co-
ossal waves, much ke sousd wives
that the fMuctsations probably set |
mocon, rolling the young uuiverse

The results rest on the mast de-
talled observatioes ever made of a
glow from the hot gases of the sarly
universe That glow, talled cormic
microwave background radistion
carred an imprinl of Qiose waves 10
the detectors on Earth

Tte mws comes as a rebe! for
satrenogeers, some of whom started
to worry last year that their basic
PICIUre O Uhe Origas of Une unverse
might be flawed, after detalled ob-
servitions faled 1o find e wave
patlerns

“Ve see the strocture of the uni
verse In its Infancy,” sad Dr. Joln
Caristrom. a Universty of Chiago
astrephyticist who leads the eam
operating the Degree Angular Scale
Imterferometer, or DASI pro
nounced daisy), a microwave detec-
or & a South Poile rescarch station
operited by the Natonal Scence
Fourdation

Dr. Michae! Tummer, a cosmobgist

Contirnued on Poge A8

ators took plice remaned to be
determined by future measure
ments, but that the process was like-
Iy to have taken place Ia & fraction of
a second comparable w0 2 decimal
poant llowed Oy 32 2er0s a a |

‘Weare living in the most excitiag
time ever i cosmalegy,” he added

Sesides DASE which aso involved
agronerers at the California Insi-
e of Technology, the ansounce-
ment odary included the so-called
Roomerang team Thig group fllew a
balloor-bome detecior around Ast
arctica, ard includes astrorosmers
frem the Urited States, Italy, Canada
and Britale. Antarctcs s excelient
for sec) cbservations Deécausethe air
i thin and dry and does ot arongly
absord microwave radlaton

Dr. John Rubl of the Usiversity of
Calforaia at Santa Barbara pre-
sealed resuts wday or te Beomer-
ang team. The annoancemen's took
place 5t a meetng of the American
Physical Scciety,

The Artarctica studies wele but-
tressed today when another group of
researchers regorted that Uny had
made ess distinet observarihng of
the ware pattemns from the United
States. Tha team, calied Maxima
Inclodes asToncmers at he Lniver-
sity of Minresota and the University
of Calilbmia at Serkzley,

The kadiag theory of how the wni
verse could have exploded out of the
primordial nochingness, knovn &3
the theory of inflation, predic's that
e quantum fluctsations shouid
have rattied the universe in such a
Way Ut ¥ resonaied ke 32 vast
organ pipe, witk one man wne, o
wavclcagth, and a serics of over-
tores o harmorics

Last year, the Boomerang team
detected the main tone bat fosnd no
clear evidence for the overtones
raiting the poschility tha the infls
tica theory could be wrong. Since

might be found

Tday e Gues (camy ewnoenced
that they had seen two of the over
the first Umme. 13 mesacal
lerms, the observations sav the firs!
WO harmoniks above the main tone

‘We d see twe maore bamps and
wigties cut there,” Dr. Euhl said

We can meve 0 the question of
What de these bumps and wiggles
wll us?>' "

Dr. Max Tegmark, a cosmoiogis:
st the University of Ponsaylvania
saud that whie the new resulls were
stil] far frore absolute prood of the
inflation theory, their agreement
with the theory was uncanny and
Woud cast doudt on allernative mod
els Ity even scary that thing»
agree ths well,™ be sad. “This s &
very Dad day for the competition

Some other scentists, Inchding
Pr. Apdrew Lange of Caltech, a leag-
er of the Boomerang group. said t
results strikingly showed that cos
mologists understood the Comrposi-
tion and behavior of the usiverse in
the first few hundred thousind years
of its life It vas then hat he sound
wavst were homming througt the
young cosmos ; astromomers believe
the nicrowave background radiation
was emited as the universe osoled
below a critical temperature when it
was about 408,900 years oi¢

“We've really boen waitisg for the
other shee to drop,”” Dr. Lange said
In refereace 12 the lenghy search fos
the evertunes “What we're conlirm-
Ing for the first time IS 3 very geseryc
preciction of modern cosmalogy .’

Alhough astronomers siid much
more detalled observaticns, inchad
ing the discovery of lurtler over-
1ones. world be requirad ro dafins the
quantum fluctuatons and 10 verily
infixtion, the results are libely 10 be
seen as major victories for twe sci-
enbiets in poariicuiar

The first, Dr. Alan Guth of the

iones for

TEMPERATY

ANGAARSEUT 1DESRT.

INFLATION THEORY
AND THL BIC BANG

Interse Suchad 2 ragpudiy expancis
4

g arerpes 8 shelrbeng he v
¥y PONY. Se0irg

L rOgng

o sgace &3 wel as

he 'ucluabone

MassaChusells Instituie of Jechzol-
ogy, Geveleped the germ of the Infla-
tion model In S50, 3 theory he Aas
calied "'the uitimate free lunch™ be-
cause it shows how the entre n
verse could have axpleded out of
nothing and impressed the gaantam
fluctustions on the cosmos

The results also provide maor
spport {or idoas clooely maw<iaed
with Dr. David Schramm, a Chicigo
cotmalogist Wi Gwd In & plane
crash late in 1997, Dr. Schramm and
his colleagaes worked oat a theery,
unreciated 0 Wflation, asing trice
elemests creatwed in the Big Bang
explocion to giuge the ameunt of
ordinary matter in the uiverse

y—

0 AN INT

predicted by the theory of nilaton

oY)

whath grvles the Dg
Bang . Crasng & not
0ENSE SCUD Of DACles
The e andng wnraae
LONEryes D resong’e as
i ook ™

g

Sever sl hundd thause s
yodrs aler. WON waves o
COUDIE o maler and

carty he imoent of the en

ergy lhucuatione acices

AL AT

The 'ght wavges &x
pand wilk INe oy~
vorst and Can be
detocted ax Inet oy
ples O het ane ¢
tpat caleod hack
ground rackaton

The rar e vaid Viwms Mavraoms cbus one i u ol Lorvas s of Chomge

Those vahes agree clisely win
the amousts deduced from the intes-
sity of the sound wave overtones;
that intensity is alffected by the slosh
ing of matter In the sound waver'
peaks and troughs

On the other hand, the results alwo
lwave cesmelogists with ome deep
and periaps troubling questions

For wxample, the now obacrve
tiors confirm that most of the cos
mos Seems 10 be made of so«<alled
dark matter and dark energy, 2055~
bly partclesor esergy lurking some-
where iz space but still never detect-
ed directly. Dr. Turner, o Chcage,
caid chkeptics might well torm that
picture “the absurd universe, or the

| ('p.’tl:l S aniverse

Sir Martin Rees, an astrophysicist
U Cambrdge University, S&aa scen-
tists were left with the question of
vhether fandumenial physxal laws
wvould soneday explain that strange
mixture o ingredents, or whether
e precite amourts were & sort of
accadent of hew the universe came
no deing something ke seow
flakes. each of which has a hexago-
nal symmeiry butl Carmnes 3 patern
that Is otherwise mique

“It may well tum out that the
underlying lavs do not give as these
numbers, any mare than they give
the detailed patters of 5 snowfiake
Sir Martiz sad




spectrum of the universe
In the daily paper

‘Listening’ to the Origin of the Universe

Maasurements of a faint. penasive radistion throughout space bolster a theory of the universes cngin

ny fluciuations in the temperalure of wige
greiches of sky carry the imprirt of a
ave of sound like cne resonating from
crgan pipe. The main tone 1s a 1al
. and thw cveriomes, O harmoncs
ve smaller peaks. This "nnQing” is
edicted by the theory of nflaton

MAIN TONE RAFRMONICS

L]

TEMPERATURE

0s 03 025
L . PIRLY T —
ANG AN ARSCMF (DESREES. OF ANMOUNT 0F SKY)

INFLATION THEORY
AND THE BIC BANG

-

INFLATION . whith igrles the Bg Seweral hundred thousand The light waves &x-
Bang.creaing & hot. years ater. hght waves oe- pand wilh the o~
dense soup of parscles couple from matier and « vars: and canbe
The s mandng unNvens cary the impnnt of tha an- detectad as Iat rp
tiny pore. seing  of space as well as COMryes [0 resonate as ergy llucuations across ples ol hot ang cold
il cook the universe cpot calod back
ground raciaton

Intense, luctaal- It rapdly expasds
ng energios 4l siolzheng the sbrc

it roging 0 e ivalsanr:

Sowvces e Jomn { > Wayre W Unnersly of Cheapn

The Vem Vark Tiews, Mediatinr shars o rirer ol Universis o Chiags

Analysis of the sounds waves in the early universe
determines what stuff makes up the universe.



Wilkinson Microwave
Anisotropy Probe (WMAP)

David Wilkinson
1935-2002




Wilkinson Microwave
Anisotropy Probe (WMAP)

David Wilkinson
1935-2002

WMAP 7yr 3
ACBAR 3
QuUaD

100 50 1000 1500 2000
Multipole Moment (/)




An instrument’s tone depends
on Its harmonic content

Analysis of the sounds waves in the early universe
determines what stuff makes up the universe.

From Murray Bourne at http://www.intmath.com/fourier-series/6-line-spectrum.php


http://www.intmath.com/fourier-series/6-line-spectrum.php
http://www.intmath.com/fourier-series/6-line-spectrum.php

What stuff makes up the universe?

We solve for amount of ordinary
and dark matter directly.

* Ordinary matter, the stuff
we are made out of, all the
stuff in your science books,
is a measly 4.4%.

* Dark Matter dominates
ordinary matter just as in
galaxies. But, it still does not
make up most of the

@ ORDINARY MATTER | universe!
@® DARK MATTER
@ DARK ENERGY ()




What stuff makes up the universe?

* We're left with Dark Energy,
which we need to make the
total come out right.

* The dark energy seems
consistent with Einstein’s
cosmological constant, A\'!

@ ORDINARY MATTER
® DARK MATTER
@ DARK ENERGY ()




Cosmic Acceleration
from Dark Energy?

Supernova




A test of the theoretical framework:
Polarization of the CMB

Scattering leads to polarization - the CMB must be polarized



VIt polarized

2002 DASI measures CMB polarization




Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

WMAP

about 400 million yrs.

Big Bang Expansion

13.7 billion years

NASA/WMAP



Evolution of the universe

Cosmic Microwave Background

Slide courtesy Erik Leitch



Evolution of the universe

Cosmic Microwave Background

Structure formation

simulation by Andrey Kravstov

Slide courtesy Erik Leitch



Evolution of the universe

Cosmic Microwave Background

Structure formation

simulation by Andrey Kravstov
Z=28.62

The “recent” universe
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Evolution of the universe

Cosmic Microwave Background

Structure formation

simulation by Andrey Kravstov
Z=28.62

The “recent” universe

less than 1 day S s ;:o'-",.i.'-:.-;.
Wl T .
v - . .9, -° 5

e, TN

first few years W S

.“ ‘ .; . ./' . -.‘
People equivalent lifetimes =~ "< T vt

P q Just retired

Slide courtesy Erik Leitch



Standard model of Cosmology
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Rests upon three mys _,
All implicate new fundamental physics!

Slide from M. Turner



... whatis
dark energy ?




Atoms —
4.6%

Dark 4
Matter £
~ ‘,; I

Galaxy
Clusters

Supernovae

Supernova

We need both geometrical and gravity tests



Dark Matter and Dark Energy Tug of War

"—

Dark Matter Dominates at first, but if Dark
matter is Einstein’s Cosmological constant
i.e., vacuum energy, then....

I’
\TQ
(\
" 4
dark energy
Mr. Dark Matter




as the universe expands...

L

- (

Dark Matter dark energy



Today, Mr. Dark Energy dominates 2 to 1
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dark matter
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Mr. Dark Energy



Soon, it’s just Mr. Dark Energy’s Universe
(vacuum is not diluted with expansion like matter)

Mr. Dark Energy
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Soon, it’s just Mr. Dark Energy’s Universe
(vacuum is not diluted with expansion like matter)

Seems crazy! Mr. Dark Energy

We need to test this



We'll use the formatlon of Clusters bfGaIaX|es to trace the

Dark Matter — Dark Energy tug oav\far

s Ithrough cqsmlc time =
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Galaxy Clusterﬁarzke largest; gost m@8Sive objec
- Universe. Take billions of years tb form. =
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CIJ@ters are malnly hol‘ ga‘iand dark matter .

D

Ab-} 1689 X- rg’hah@)'and 6@0‘?‘3 emission’ . . 4



Clusters are mainly hot gas and dark matter

Abell 1689 X-ray (Chandra satellite)



The Sunyaev-Zel’dovich (SZ) Effect:
Shadows against the cosmic background

MICROWAVE BACKGROUNO

\ PHOTON "

The SZ-effect provides a

P e method to find ALL clusters,

L) «——f%’i%‘é‘%%é‘ﬁ no matter how distant, so we
e can map out the growth of

structure in the universe.

| suue swrrep l.e., trace the Dark Energy -
Dark Matter tug of war
W osserver through cosmic time.

MICROWAVE PHOTON



The Sunyaev-Zel’do
Shadows against the c

MICROWAVE BACKGROUND

\ PHOTON et

BLUE SHIFTED
MICROWAVE PHOTON



The 10 meter South Pole Telescope (SPT)

A 700,000 Ib SZ machine:

— clean low-noise design
— BIG field of view for mapping large regions

— 10 meters gives 1 arcminute resolution to match
cluster scales
(about the resolution of your eye)

State of the art millimeter-wave camera:

— 960 ultra-sensitive superconducting detectors
operating at 0.25 K (-459 F)
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the C17 Globemaster
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South Pole Station
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Our Heroes,
the SPT Winterove S

Dana Hubes
& Jason Galllcmp \
2013 /| S\

3% 1
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Dana HrubgSa

.
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-

ynthla Chiang &
| -x ,; stl‘uang 201

RossWilliamson &!
Erik Shlroiff 2009




SPT has produced the
highest resolution and sensitivity map of the CMB
covering |/16 of the sky

‘ ',

_\\\'II

S8/ WMAP lower resolution full sky

S

map with SPT area marked












9 harmonics!

A l e A A A l A A A A l A s A A l A A A A l A A A A l

0O 500 1000 1500 2000 2500 3000
Finer angular scales —
B - TR . -
So precise that we are now measuring the
impact of the cosmic neutrino background!
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What about galaxy clusters and the.
Sunyaev.Zel'dovich effect?




What about galaxy clusters and the.
Sunyaev.Zel'dovich effect?




O\ Shadows against the
background made reveal
clusters of galaxies, the
largest objects In the

universe. \‘O

Optical image of cluster of galaxies
from the Hubble Space Telescope






Optical and infrared images of discovered clusters

0658-5358 (z—O 30) 53?3 -4243 (2=0.60)
| TS ost X-ray .

luminous cluster
known!




Optical and infrared images of discovered clusters

EB Nows Sport Weather Travel Future v
2344-4243 (2=0.60)

Most X-ray ‘Ph F7T
hoen

NEWS SCIENCE & ENVIRONMENT

Home UK Africa Asia Europe Latin America Mid-East US & Canada Business Health B2l S NELT R

Galaxy cluster’s "starburst’ surprises
astronomers

Astronomers have seen a huge galaxy _ A
cluster doing what until now was only : ; :
theorised to happen: making new stars.

luminous cluster I..X”:CJ uster

o 30 yrcsec

. —
\ . I
\ \
»

Most galaxy clusters - the largest structures in
the Universe - are "red and dead", having long
since produced all the stars they can make.

But cluster formation should, according to theory,
Include a cooling phase, resuiting in biue hght
from new stars.

Writing in Nature, researchers say they have
seen evidence that the enormous Phoenix
cluster makes 740 stars a year.

In our own Milky Way, only one or two new stars R L
are made each year. Microwave, visible and ultraviolet studies sum to

show a bright core of the cluster

The cluster, some seven billion light-years away,
is formally called SPT-CLJ2344-4243 but the researchers have renamed it
for the constellation in which it lies.

Related Stories



Optical and infrared images of discovered clusters
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‘Cosmic Supermom’
Galaxy Is Having Over
Two Star Babies a Day

na

A galaxy 5.7 billion light years away from

Earth has been having so many star babies

that the A ' I it a "cosmic

AT T Thin



Optical and infrared images of discovered clusters

0658-5358 (2=0. 30)

(Bullet)

2344-4243 (2=0.60)

Most X-ray
luminous cluster
known!

2106-5844 (:=1.13)

Most massive
distant cluster
known!




Optical and infrared images of discovered clusters

0658-5358 (z—O 30) 2344-4243 (2=0.60)

Phoenix™ Cluster

e e 2 N N N Most X-ray
~\ 4 . St ¢
ﬁ%\m SUBSCRIBE » SECTIONS » = BLOGS » REVIEWS »  VIDEO » HOW-TOS Ister .

Sign In | RSS Feeds @

Monster Galaxy Cluster Found in the Distant Universe - e

2106-5844 (z-1 13)

Most massive
distant cluster
known!




Where are the discovered galaxy clusters?

I L) L] L] L] ' L] L] L) L) ]

« SPT discovered clusters X
Planck-ESZ &
ROSAT-AIl sky &

8 Gyr 10 Gyr
Look back time




Initial results are looking great...
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Physics
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Discoveries News Publications Statistics About FastLane

Press Release 12-066
South Pole Telescope Provides New Insights Into

Dark Energy and Neutrinos

Neutrinos were thought to be without mass until recently

South Pole Telescope findings are the most recent results produced by NSF-funded
researchers.

April 2, 2012

Analysis of data from the National Science Foundation- (NSF) funded 10-meter South Pole
Telescope (SPT) in Antarctica provides new support for the most widely accepted
explanation of dark energy, the source of the mysterious force that Is responsible for the
accelerating expansion of the universe.

The results begin to hone in on the tiny mass of the neutrinos, the most abundant
particles in the universe, which until recently were thought to be without mass

The SPT data strongly support Albert Einstein’s cosmological constant--the leading model
for dark energy--even though researchers base the analysis on only a fraction of the SPT
data collected and only 100 of the over S00 galaxy clusters detected so far.



initial results are looking great...
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News From the Fleld
Neutrinos were thought to be without mass until recently
For the News Media

Special Reports

Research Overviews
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constant is holding up(!),

News Archive

but we will place much

Astronomy & Space

South Pole Telescope findine
researchers.

G | S tighter constraints...

Computing

Biology

April 2, 2012 —

Earth & Environment

Analysis of data from the National SZ'ence Foundation- {(NSF) funded 10-meter South Pole
Education Telescope (SPT) in Antarctica provides new support for the most widely accepted
explanation of dark energy, the source of the mysterious force that Is responsible for the

Engineering accelerating expansion of the universe.

Mathematics . i
SATSIT The results begin to hone in on the tiny mass of the neutrinos, the most abundant
Nanoscience particles in the universe, which until recently were thought to be without mass

People & Society The SPT data strongly support Albert Einstein’s cosmological constant--the leading model
for dark energy--even though researchers base the analysis on only a fraction of the SPT

Physics data collected and only 100 of the over S00 galaxy clusters detected so far.




Combining SPT data
with with optical
Dark Energy Survey
data

570-Million pixel
camera for the
Dark Energy Survey \
built right here at
Fermilab!

installed on the

Blanco 4m telescope
on Sept. 2012
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Dark Energy Camera on the Blanco Telescope
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Standard model of Cosmology
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Rests upon three mys _,
All implicate new fundamental physics!

Slide from M. Turner



How do we look past
the CMB!

tiny fraction
of a second

380,000 =
years
13.7
billion

years

NASA
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Smoking gun of inflation:
Inflation produced gravity
waves

Leave imprint on the CMB:
.B mode™-polarization

—?Swwls in the sky!

osmology
0se?)

Slide from M. Turner
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(376x) 90 GHz detectors,
(Argonne National Labs)




SPT polarizai

.SPTpol 1¢ light January 2012

A —— =
Y e A .
a :

rat

|
.y
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Major step to inflation:
SPT detects B-mode CMB polarization

| |
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B-model polarization from gravitational lensing




to inflation:
de CMB polarization

Physics World '
Breakthrough of the Year 2013 50 ~ CIB

¢

2000 2500

B-model polarization from gravitational lensing




Dark energy is in our sights

as well -aS hints of other ihteresting new
physics including the nature of the eIus:ve
neutrinos.

In the workSTapoltHZOGORENeasurements to
test infldORIOfithe universe At TUSMSEEONdS.
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Photo credit: Keith Vanderlinde
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Thank you! \

For publications and more information
see http://pole.uchicago.edu
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