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My talk

• I will talk about the past, present, and future 
of observations of the CMB.

• I will discuss the instrumentation built to 
observe the CMB.

• I will what we have learned and what we hope 
to learn from observing the CMB.

2



Inflation – Understanding the Birth of the Universe

Quantum Gravity Era



Cosmic Microwave Background
First Discoveries

• 1948 Gamow predicts temperature of CMB
• 1965 Penzias and Wilson discover CMB
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1941
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George Gamow



Alpher and Herman 1948
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Penzias and Wilson
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Spectrum 1983

9D. Wilkinson 



Anisotropy 1983

10D. Wilkinson 



The CMB spectrum as seen by COBE/FIRAS (1992)
•The most perfect blackbody curve ever measured
•Exactly what is predicted by the Big Bang

Frequency of light
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1991



CMB Temperature Fluctuations





15Xinyi Zhang, Wayne Hu



Acoustic Peaks in CMB
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Primoridial density fluctuations

l ~ 200
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17Xinyi Zhang, Wayne Hu
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Contributions to CMB anisotropy

Hu, Sugiyama, and Silk 1996
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• We have a “standard ruler” 
• Curvature changes angle subtended by ruler
• First peak location changes with angle

The curvature of space
Flat

400,000 yrs x Vsound

Positive Curvature Negative Curvature
W = 1W > 1 W < 1



MAXIMA Experiment







MAXIMA power spectrum



November 1999
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Boomerang and MAXIMA - 2001
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WMAP (2001 launch)
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• 5 frequency bands 
(23–94 GHz)

• Angular resolution ~13ʹ; 
sensitive to polarization
• Operated for 9 years, 
until 2010



WMAP cosmological parameters
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WMAP + Ground-based Experiments
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Planck Space Mission
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Smithsonian Museum
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CMB Polarization Anisotropies
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Polarization of CMB

• Polarization given by direction of flux
• Anisotropic photon flux gives net polarization
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• CMB Polarization map: “E-modes” and “B-modes”
• B-modes: Two sources

– Gravitational Waves from Inflation
– Gravitational lensing by structure in the Universe

CMB Polarization Anisotropies
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WMAP Polarization Map

E-mode

B-mode

Uros Seljak and Matthias Zaldarriaga, PRL 78, 11 (1997)



CMB Polarization Power Spectra
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Gravitational Lensing
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CMB Lensing
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• Lensing Source at z = 1100
– Probes higher z than optical 

lensing

CMB Lensing deflection



Inflation
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Inflation
• Simple Big Bang model can not explain:
– Universe is homogeneous at one temperature
– Geometry of Universe is close to flat

• The Inflation theory 
– Exponential expansion of space
– Creates flat, homogeneous Universe
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Inflation Science
• Our question: How did the universe begin?
–What is the origin of structure in the universe?

• Present: Much data support Inflation
• Future: CMB has potential to see a direct 

signature of Inflation



CMB Inflation Constraints
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BICEP2 Collaboration
50



If we make a detection
• Prove that inflation occurred
–Measure Energy Scale

• Test Inflation models including string-motivated
• Opens a new window on Ultra-High Energy physics
– 12 orders of magnitude higher Energy than CERN LHC!
– QM fluctuations of the gravitational field
– First experimental clue to quantum gravity
– Large potential for discovery



Detectors
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1980’s

1 cm

5 mm
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1980’s 1990’s
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10 cm

3 mm
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1980’s 1990’s 2000’s
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1 cm

1980’s 1990’s 2000’s

5 mm

30 cm

10 cm

2010’s

1 mm

30 cm

1 mm

20 cm
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Experimental Evolution
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Space based experiments
Stage−I − ≈ 100 detectors
Stage−II − ≈ 1,000 detectors
Stage−III − ≈ 10,000 detectors
Stage−IV − ≈ 100,000 detectors

APEX-SZ
330 detectors

SPT-SZ
960 detectors

POLARBEAR-1
1274 detectors

Dual-Polarization

POLARBEAR-2/SPT-3G
8,000/15,000 detectors

Dual-Polarization
2/3 Color/pixel

16 cm



• Complete bolometer fab system:  
• Silicon Nitride 
• Superconducting Niobium  
• Most work done by Ph.D. students 

Marvel Nanofabrication facility is a unique resource. 
It enables rapid and economical prototyping of novel designs. 
Low barrier for involvement by students and postdocs.  

Complete bolometer fab facility  
• Silicon Nitride 
• Superconducting Niobium  
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Marvell Nanofabrication Facility – U.C. Berkeley
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The POLARBEAR 
CMB Polarization 

Experiment



Lyot stop

(2.1m)

POLARBEAR-I Receiver

61

HWP



POLARBEAR Observations circa 2014

• Roughly 10 times deeper than PLANCK 
• Most sensitive polarization maps @ sub-degree scales

– in experiments which have released data (~6 uK-amin)62

Stokes Q map Stokes U map



B-mode Power Spectrum (2/2014)
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New POLARBEAR B-mode Spectrum
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BICEP2 results
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Simons Array
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68

Inflation->Primordial grav waves-
>Bmodes



69

Massive 
Neutrinos/Early Dark 
Energy->reduced 
structure formation-
>reduced lensing



Neff and CMB dampling tail
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D. Baumann 



Effective relativistic species, Neff
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ASO (2s)



Simons Observatory
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Simons 
Observatory

Atacama Chile

17,000 ft
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Advanced Simons Observatory: 
Commissioning 

Large Aperture Telescope (LAT)

High bay and Control Room

Small Aperture Telescopes (SAT)

Power Generation

The Simons 
Observatory

Located at 5200 meters in Northern 
Chile



Large Aperture 
Telescope (LAT)
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• 6 m primary mirror
• Just had first light!

• 6 bands 27-280 GHz
• 2’ FWHM beam at 93 GHz
• 30k detectors
• Upgrade to 60k in 2028
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Summary
• Hunt for Inflation is on!
– Early Universe = ultra-high energies

• Large step in power spectrum measurements
– Neff: possible clues for Dark Matter
– Lensing: probe of Dark Matter and Dark Energy

• Simons Observatory – Moving to science data
• Future: More experiments at/in South Pole, 

Chile, and Space


