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Part I: The Physics of the
Expansion of the Universe
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The History of Expansion

Inflationary era:
Giant negative 
pressure and 
gravitational 
repulsion.

The universe expands 
by a factor of > 1028 in 
about 10-32 seconds.

Dark energy era:
Now, the universe is 
accelerating again! 

Most of history: the 
expansion slows down.

What physics drives the early and late expansion?

Credit: NASA/WMAP science team
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What is the energy scale of 
inflation?

Planck energy
Quantum gravity

Energy (GeV)   10-11 10-6 102 1015 1019

Room 
temp.

Solar 
core
temp.

• Electroweak unification
• Supersymmetry? 
• Higgs boson!

Grand
Unification

Accelerators
(RHIC, LHC, ILC)

Gravity

Electromagnetism

Weak force

Electroweak force

TOE 

“super force”

Cosmological 
physics
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Studying inflation may probe the GUT 
scale

Planck energy
Quantum gravity

Energy (GeV)   10-11 10-6 102 1015 1019

Room 
temp.

Solar 
core
temp.

• Electroweak unification
• Supersymmetry? 
• Higgs boson!

Grand
Unification

Accelerators
(RHIC, LHC, ILC)

Cosmological 
physics



6

The History of Expansion

Inflationary era:
Giant negative 
pressure and 
gravitational 
repulsion.

The universe expands 
by a factor of > 1028 in 
about 10-32 seconds.

Dark energy era:
Now, the universe is 
accelerating again! 

Most of history: the 
expansion slows down.

Credit: NASA/WMAP science team

What physics drives the early and late expansion?



7

The Physics of Dark Energy

* The acceleration of the cosmic 
expansion for a homogeneous and 
isotropic universe is

* For a nonrelativistic gas, P ~ 0.  For 
radiation, P = /3.  In both cases, the 
universe should be decelerating if 
there is no cosmological constant.

* Positive acceleration can occur for a 
non-zero value of , or for an energy 
field with negative pressure.  The 
equation of state parameter:  w = P/, 
must be < -1/3 for expansion. A 
cosmological constant has w = -1.
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It is very unlikely that we should be living in an 
era when the energy density in matter is 
comparable to that in dark energy.

The existence of dark energy poses a major 
problem for modern theoretical physics.



Part II: The Early Universe
Probing Inflation with the CMB
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The History of Expansion

Inflationary era:
Giant negative 
pressure and 
gravitational 
repulsion.

The universe expands 
by a factor of > 1028 in 
about 10-32 seconds.

Dark energy era:
Now, the universe is 
accelerating again! 

Most of history: the 
expansion slows down.

Credit: NASA/WMAP science team

What physics drives the early and late expansion?



The cosmic microwave background (CMB)

380,000 yr
atoms form 

e
p
n

He

• The early universe was hot, 
and full of a plasma of photons 
and baryons

the “dark 
age”

primordial 
plasma

400 million yrs
Stars form 
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• Since that time, most of the 
photons haven’t scattered

These photons, now cooled 
to microwave photons, are 
an image of the early 
universe

• At 380,000 years after the Big 
Bang, electrons and protons 
found each other, and formed 
neutral hydrogen
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CMB Anisotropies

Planck 2015

* Seeds of structure from primordial quantum fluctuations
* Baryon (5%) / Dark Matter (26%) / Dark Energy (69%) today
* Gives age of universe (13.8 Gyr), geometry (flat)
* Precision constraints on -CDM model



12

CMB Polarization

* Like the Helmholtz theorem, but for tensors
* Allows the resolution of a tiny (ppb) signal with confidence
* Must be separated from foreground sources of B modes

Gravitational waves from inflation imprint a polarization signal on the CMB

Acoustic modes: 
“divergence”, but no “curl”
E-modes

Gravitational modes: 
“curl” mode
B-modes
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Stage-2 instruments producing science

SPTpol

ACTpol BICEP-3, SPIDER

POLARBEAR, Simons

Keck Array

EBEX
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TES bolometers: baseline sensor 
technology for CMB-S4

SQUID Time-Domain Multiplexing

SQUID Frequency-Domain Multiplexing

Transition-Edge Superconducting 
Bolometer

Pros / Cons
+ Proven NEPs
+ Proven noise stability

- SQUID muxing complex
- Need to scale to many more pixels

See: Clarence Chang 
talk

Example: ACTpol
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Summary of CMB-S4 Risks

• Risks before mitigation by R&D
• Investment needed in readout, detectors, 

data management
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Readout for CMB-S4

1. Continue to develop MHz Frequency Division Multiplexing
2. GHz multiplexing with microwave SQUIDs:

RF SQUID

Flux modulation line

λ/
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CPW Resonator

RF SQUID

feedline

JAB Mates et al.

Pros / Cons
+ Low NEPs demonstrated
+ Maturity of dc-biased TESs
+ GHz muxing scales to large formats
+ Undegraded performance of mature detectors

- Room-temperature electronics maturation

See: Ben Mates 
talk



Alternative detectors: MKIDs

P. Day et al.

Pros / Cons
+ Integrated RF muxing scales to large 
formats easily!

- NEPs in fielded CMB instrument?
- Noise stability?

See: Phil 
Mauskopf 
talk



Part III: Late Universe: 
Probing Dark Energy
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Constraining dark energy with 
expansion history

SN1a Photometric redshift Cosmic shear

Baryon Acoustic Oscillations Galaxy clusters
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Cosmic survey roadmap
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Stage-IV experiments 
constraining dark energy

LSST

DESI
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Potential Stage-V improvements

see “Cosmic Visions Dark Energy: Technology” (arxiv: 1604.07821v2), Dodelson et al.
• Multi‐band CCDs
• Microwave Kinetic Inductance Detectors (MKIDs)
• Germanium CCDs
• Notch filters for OH emission lines
• 21 cm technology
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Multi-band CCDs
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MKIDs: intrinsic wavelength sensitivity See: Juan 
Estrada’s talk
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Notch filters: OH lines in atmosphere See: Steve 
Kuhlmann’s
talk
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Germanium CCDs



28

21cm technology



Summary

Inflation in the Early Universe
* The most important probe of inflation is the imprint of gravitational 

waves on the polarization of the CMB.
– Stage-3 experiments are being developed and deployed (e.g. Simons 

Observatory, BICEP Array, SPT-3G)
– Stage-4 will require an order of magnitude increase in detector count

* Instrumentation advances are needed in readout & detectors to 
scale Stage-3 experiments to Stage-4

Accelerated Expansion in the Late Universe
* The next major Stage-4 dark energy imaging experiment, LSST, and 

spectroscopic experiment, DESI, will make major advances in 
measurements of cosmic structure evolution.

* Going further will benefit from improved efficiency through 
investments in imaging / energy-resolving detectors, filters, and 
through advanced processing for redshifted 21-cm emission.  
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