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Astrophysics
Founded 2007... 2 T / 3 TT Faculty

Star formation

Stellar explosions

Cosmology



EM radiation characterized by wavelength



Practical uses of EM radiation







In Fornax, 
11.0 arcmin2

1 mm2 @ 1 m

13 million such
patches to cover
sky.



Expanding universe & the Big Bang





Increasing distance,

lookback time, 

 mean density, 
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reionization,
1st stars

dark ages,
structure formation proceeds
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~ few hundred μK around mean T

Cosmic Microwave Background





Overdensity

Potential cold photon!

Probing gravitational potential

Recombination



Universe's contents

1.  baryons, atoms, "normal matter".
 
2.  cold dark matter, normal gravity, 
no pressure, no interactions.
 
3.  dark "energy", Λ = Lambda, 
anti-gravity, cosmological constant, 
acceleration.

3 components cosmologically relevant:



Gravity - from matter-
energy density

Pressure - from
collisions between
particles

Evolution of overdensity
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the universe

Streaming of 
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Gravity - from matter-
energy density

Pressure - from
collisions between
particles

Evolution of overdensity

dm, gas, 
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Expansion of 
the universe

Streaming of 
neutrinos

Acoustic 
Oscillation









Correlations in harmonic space
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Gravity = curvature of spacetime.



Gravity = curvature of spacetime.

ball

saddle

flat

2-d analogs for
3-d curved spaces
we can't visualize.



Geometry of 
the universe



Measuring curvature
CMB
surface

CMB
observed

Viewing standard ruler through
flat or curved spacetime.



Atacama Cosmology Telescope
and Simons Observatory

New observatory for CMB





CMB Detector Technology

O Langley invented the bolometer,
Which is really a kind of thermometer.
You can measure the heat
Of a polar bear's seat
At a distance of half a kilometer.

~ 7 mm

@ 0.1 K



ACT Map

CMB fluctuation

Cluster

Active Galactic 
Nucleus







Polarization 
signature of 

gravity waves

Distinctive of 
inflation in Early

Universe

physics at Grand-Unified-
scale energies

ACT, Simons Observatory, CMB-s4, Many others



• Arizona State University
• Carnegie Mellon University 
• Columbia University 
• Cornell University 
• Florida State 
• Haverford College 
• Johns Hopkins University 
• Lawrence Berkeley National Laboratory
• NASA/GSFC 
• NIST 
• Princeton University
• Rutgers University 
• Stanford University/SLAC
• Stony Brook 
• University of California - Berkeley 
• University of California – San Diego
• University of Illinois at Urbana-Champaign 
• University of Michigan 
• University of Pennsylvania 
• University of Pittsburgh 
• University of Southern California
• West Chester University 

• CITA/Toronto
• Dalhousie University 
• Dunlap Institute/Toronto 
• McGill University
• University of British Columbia 

• APC - France
• Cardiff University
• Imperial College
• Manchester University 
• Oxford University 
• SISSA – Italy

United States

Canada

Europe

Chile
• Pontificia Universidad Catolica
• University of Chile  

South Africa

• Kwazulu-Natal, SA  

Japan

• KEK
• IPMU

• 8 Countries
• 35+ Institutions
• 160+ Researchers 

The Simons Observatory 
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Simons Observatory

First light 2020



Conclusions

What are the contents?
     Mostly dark energy, with some dark 
matter, and a small fraction of normal atoms.
     But what are dark energy and dark matter?
 
What's the space-time like?
    Measurements are consistent with flat.
 
What happened at the very beginning?   
Many exciting efforts!
    It will all our skills in advanced engineering,
microwave detector development, software 
design, image processing, etc. to find out!





~ 3K photon

3K + δ photon

Sunyaev-Zeldovich effect

Hot gas   T ~ 10
8
 K

Galaxy cluster  (100-1000 gal.)



Benson et al. (2003)

too many
photons

too few
photons

SZ distorts CMB blackbody

τ = 0.01, T = 10 keV






