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oops...



During the presentation, I showed a movie of a “fly through”
the SDSS data made by Mark Subbarao at Adler Planetarium and Miguel 

Angel Aragon Calvo at John Hopkins University. 

You can find similar version at 
http://www.youtube.com/watch?v=08LBltePDZw

http://www.youtube.com/watch?v=08LBltePDZw
http://www.youtube.com/watch?v=08LBltePDZw


Credit: M. Blanton and the Sloan Digital Sky Survey



The Hubble Ultra Deep Field



The Hubble Ultra Deep Field

An astronomical number to remember: 100 billion



The Hubble Ultra Deep Field

An astronomical number to remember: 100 billion
• Number of  stars in the Milky Way
• Number of galaxies in the observable universe
• Age of the universe in dog years
• Apple’s cash reserve



The Hubble Ultra Deep Field

Another interesting observation:
 it’s mostly black.

We are seeing past the galaxies…
… to a time before galaxies formed.



The Hubble Ultra Deep Field

Actually the sky is very bright in every direction,
but with light at microwave wavelengths.
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Discovery of the Cosmic Microwave Background
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Physics is simple in the young universe – 
It’s just an ionized gas with sound waves



Cosmic Microwave Background
 Telescopes are time machines

X
13.7 

We are inside 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 Satellite

Smooth to a part in 100,000!
(the smoothness problem)
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Solving the Smoothness Problem
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you simply stretch out space by at least
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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

That’s 

INFLATION



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.



A direct view of quantum fuzz!
Inflation connects physics on the smallest and 

largest size scales 



A direct view of quantum fuzz!
Inflation connects physics on the smallest and 

largest size scales 

The Largest Things in the Universe Began 
from Subatomic Quantum Fluctuations!



Checking the curvature of the Universe 
with the biggest triangles possible

by using the structure in the microwave background
Freedman “Universe” textbook



BOOMERANG
Williams Field, Antarctica

 December 28, 1998

Andrew Lange
1957-2010
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DASI 
cosmic microwave background telescope



DASI 
cosmic microwave background telescope



Sunset at the South Pole





Which is the right one?

Freedman “Universe” textbook



Freedman “Universe” textbook



Einstein:  
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…

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.

BASS TREBLE



you’ve used these before...



DASI & Boomerang results 2001



spectrum of the universe
in the daily paper
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Wilkinson Microwave 
Anisotropy Probe (WMAP)

David Wilkinson
1935-2002

WMAP



Wilkinson Microwave 
Anisotropy Probe (WMAP)

David Wilkinson
1935-2002

WMAP



From Murray Bourne at http://www.intmath.com/fourier-series/6-line-spectrum.php
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An instrument’s tone depends 
on its harmonic content

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


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 
universe!  

What stuff makes up the universe? 

4%

22%

74%

ORDINARY MATTER
DARK MATTER
DARK ENERGY (!)



• 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, ! !

4%

22%

74%

ORDINARY MATTER
DARK MATTER
DARK ENERGY (!)

?

What stuff makes up the universe? 



Cosmic Acceleration
from Dark Energy?



A test of the theoretical framework: 
Polarization of the CMB

Scattering leads to polarization - the CMB must be polarized 



✓ It’s polarized 
2002 DASI measures CMB polarization



NASA/WMAP



Cosmic Microwave Background

Evolution of the universe

Slide courtesy Erik Leitch



Structure formation
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Structure formation
simulation by Andrey Kravstov

Cosmic Microwave Background

The “recent” universe

Evolution of the universe

Slide courtesy Erik Leitch



Structure formation
simulation by Andrey Kravstov

Cosmic Microwave Background

The “recent” universe

less than 1 day

first few years

Just retired              
People equivalent lifetimes

Evolution of the universe

Slide courtesy Erik Leitch



Michael S Turner

Standard model of Cosmology
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Rests upon three mysterious pillars
All implicate new fundamental physics! 

Slide from M. Turner



... what is 
 dark energy ?



Supernovae

Galaxy 
Clusters

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…. 

Mr. Dark Matter
dark energy



as the universe expands…  

 Dark Matter dark energy



Today, Mr. Dark Energy dominates 2 to 1 

 dark matter

Mr. Dark Energy



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

Mr. Dark Energy



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

Mr. Dark EnergySeems crazy!

We need to test this



Galaxy Clusters are the largest, most massive objects in the 
universe. Take billions of years to form.

They are extremely rare and hard to find, 
especially distant ones. 

We’ll use the formation of Clusters of Galaxies to trace the  
Dark Matter – Dark Energy tug of war

through cosmic time



Abell 1689 Hubble Space Telescope



Clusters are mainly hot gas and dark matter

Abell 1689 X-ray (Chandra) and optical (HST) emission



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 

The SZ-effect provides a 
method to find ALL clusters, 
no matter how distant, so  we 
can map out the growth of 
structure in the universe.

 i.e., trace the Dark Energy - 
Dark Matter tug of war 
through cosmic time.

from L. Van Speybroeck
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photo by Dana Hrubes

The 10 meter South Pole Telescope (SPT)
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the C17 Globemaster

















the LC130 Hercules





South Pole Station









Preparing snow foundation for the SPT at South Pole







 















Steve Padin & 
Zak Staniszewski

2007
Our Heroes, 

the SPT Winterovers
Keith

Vanderlinde
2008

Dana Hrubes 2008

Ross Williamson &
Erik Shirokoff 2009

Cynthia Chiang & 
Nicholas Huang 2012

Dana Hrubes & Daniel Luong-van
2010 & 2011 !

Dana Hrubes 
& Jason Galliccio

2013



SPT has produced the
highest resolution and sensitivity map of the CMB

 covering 1/16 of the sky

(2500 square degrees)

WMAP lower resolution full sky
map with SPT area marked



WMAP ~70 deg2



Planck 143 GHz ~70 deg2



~70 deg2South Pole Telescope



SPT

WMAP

Finer angular scales →

Po
w

er

9 harmonics!

So precise that we are now measuring the  
impact of the cosmic neutrino background!



LM

Zoom in on an SPT map 
and filter the large stuff out



LL
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SPT 0538-50 z = 2.8
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E?

Optical image of cluster of galaxies
from the Hubble Space Telescope
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Hubble (Optical)

XMM (X-ray)

Magellan (Optical)

CHANDRA (X-ray)



0658-5358 (z=0.30)
(Bullet)

Optical and infrared images of discovered clusters

SZ

12’

“Phoenix” Cluster

2344-4243 (z=0.60)
Most X-ray 
luminous cluster 
known!
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2106-5844 (z=1.13)
Most massive
distant cluster 
known! 

2337-5942 (z=0.78)



0658-5358 (z=0.30)
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Optical and infrared images of discovered clusters

SZ

12’

“Phoenix” Cluster

2344-4243 (z=0.60)
Most X-ray 
luminous cluster 
known!

2106-5844 (z=1.13)
Most massive
distant cluster 
known! 

2337-5942 (z=0.78)



Redshift z

Where are the discovered galaxy clusters? 
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5 Gyr 8 Gyr 10 Gyr
Look back time

SPT discovered clusters



initial results are looking great... 



initial results are looking great... 

Einsteins’s cosmological 
constant is holding up(!), 
but we will place much 
tighter constraints...



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



     

  



Dark Energy Camera on the Blanco Telescope



DES image
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Rests upon three mysterious pillars
All implicate new fundamental physics! 

Slide from M. Turner



NASA

How do we look past 
the CMB?



 Unknown, from Camille 
Flammarion's 1888 book 

L'atmosphère: météorologie 
populaire



E mode

B mode

Smoking gun of inflation:  
Inflation produced gravity 

waves

Leave imprint on the CMB:  
‘B-mode’ polarization  
!Swirls in the sky!

Holy Grail of Cosmology
(or wild goose?)

Slide from M. Turner



?@H

SPT polarization sensitive camera

(376x) 90 GHz detectors, 
  (Argonne National Labs)

(1176x) 150 GHz detectors (NIST)



?@H

SPT polarization sensitive camera

(376x) 90 GHz detectors, 
  (Argonne National Labs)

(1176x) 150 GHz detectors (NIST)

SPTpol 1st light January 2012



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

null test

SPT

SPTpol

B-model polarization from gravitational lensing



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

null test

SPT

SPTpol

B-model polarization from gravitational lensing



Photo credit: Keith Vanderlinde
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For publications and more information 
see  http://pole.uchicago.edu

Thank you!

http://pole.uchicago.edu
http://pole.uchicago.edu

