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Early universe as a HEP lab

Inflation

Cosmic neutrino background

Cosmic microwave background



CMB measurements 
probe cosmology, astrophysics
and fundamental physics

NASA/WMAP Team



Inflation?
Universe expands by >e60 
solving smoothness problem,
flatness and more..

What drove inflation? 
What is the energy scale of inflation?

- spectral index of fluctuations, ns 
- non-Gaussianity?
- constrain tensor to scalar fluctuations
- detect inflationary gravitational waves?

! need precision temperature and ultra-sensitive polarization 
measurements of the primary CMB anisotropy



Physics at recombination
Universe cools enough to form neutral H. 
Photons start free-streaming

- Measure primordial fluctuations
- Inventory stuff in the universe
- Number of relativistic species, helium abundance

! need precision measurement of CMB power spectrum 
to fine angular scales, i.e., covering the “damping” tail



Reionization
First stars(?) start producing 
UV photons. Hydrogen is reionized.

How did it proceed? 
Are star forming galaxies sufficient to power reionization?

! measure diffuse kinematic SZ effect on small angular scales

Patchy reionization,   Zahn et al, 2005



Structure Formation
Gravitational collapse creates increasingly 
large structures

- What is dark matter?
- Masses of the neutrinos

Credit: Kravtsov

Cosmic Acceleration
Dark energy begins accelerating 
the expansion of the Universe.

- Is dark energy dynamic or a 
cosmological constant?

- Is GR correct on large scales?

! map dark matter through lensing of the CMB
! evolution of Galaxy Clusters through thermal SZ effect



Dark Radiation 

Neff - effective number of relativistic species
uniquely impacts intrinsic CMB power spectrum

E.g., Neutrino constraints



Σmν
Sum of the neutrino masses
impacts growth of large scale structure,
i.e., the matter power spectrum measured 
by CMB lensing.

k !
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Matter Domination Radiation 
Domination

> 0

E.g., Neutrino constraints
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Discovery of the Cosmic Microwave Background
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Received 1978 Nobel Prize

Enormous impact 
on Cosmology
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Structure in background discovered in 1992

COBE Satellite

Smooth to a part in 105

the smoothness problem -
led to Inflation theory

Superhorizon features
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Structure in background discovered in 1992

COBE Satellite

Smooth to a part in 105

the smoothness problem -
led to Inflation theory

Superhorizon features

COBE team leaders 
John Mather & George Smoot 

received 2006 Nobel Prize
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A direct view of quantum fuzz
Inflation connects physics on the smallest and 

largest size scales 



TOCO

BOOMERanG

DASI

WMAP
Experiments w/ tens of 

detectors
circa 1995-2005

Maxima 

CBI

VSA

QUaD

ACBAR



10 years after COBE
circa 2002

Angular Frequency (multipole)

Po
we

r

ACBAR
CBI 
VSA
DASI
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Experimental Progress

Acoustic Oscillations

from Wayne Hu’s web site
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Wilkinson Microwave Anisotropy Probe (WMAP)

David Wilkinson
1935-2002

WMAP
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WMAP3
Boomerang ’03
ACBAR

Angular Frequency (multipole)
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ACT and SPT
Dedicated Telescopes for fine angular scale 

CMB temperature and polarization

10m South Pole Telescope
http://pole.uchicago.edu

6m Atacama Cosmology Telescope
http://www.physics.princeton.edu/act/

• Exceptional high and dry sites for dedicated CMB observations. 

• Exploiting ongoing revolution in low-noise bolometer cameras

http://spt.uchicago.edu
http://spt.uchicago.edu
http://www.physics.princeton.edu/act/
http://www.physics.princeton.edu/act/


The South Pole 
Telescope (SPT)

2007: SPT-SZ
 960 detectors (UCB)
 100,150,220 GHz

2016: SPT-3G
 ~15,200 detectors
 100,150,220 GHz
 +Polarization

• 10-meter sub-mm quality 
wavelength telescope

•  At 100, 150, 220 GHz, angular 
resolution of 1.6, 1.2, 1.0 arcmin

2012: SPTpol
 1600 detectors
 100,150 GHz
 +Polarization



SPT-SZ Bolometer Array
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m

Fabricated by Erik Shirokoff and 
Sherry Cho at UC-Berkeley

10
0 

m
m

160 pixel bolometer array
SiN substrate with gold absorber
Al/Ti transition edge sensor (TES) with a 
transition temperature of 500 mK
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Erik Shirokoff



Transition Edge Sensors (TES)
Scalable, background limited, broadband bolometric detectors. 

ElectroThermal 
Feedback

R

T

Thermometer: Voltage biased 
transition edge sensor (TES). 
Measure incident power (pW) by 
change in bias current using 
SQUIDS.
Apparent simplicity is deceptive!

Absorber

250 mK bath

Radiation

Weak thermal link



The South Pole Telescope Collaboration 

Funded by: 

Funded By:



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

Survey depths:
-   90 GHz:   42 uKCMB-arcmin 

- 150 GHz: <18 uKCMB-arcmin

- 220 GHz:   85 uKCMB-arcmin
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WMAP
94 GHz
50 deg2



Planck
143 GHz
50 deg2

2x finer angular 
resolution
7x deeper 



SPT
150 GHz
50 deg2

13x finer angular 
resolution
50x deeper 



SPT
150 GHz
50 deg2

filtered out 
large structure
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SPT
150 GHz
50 deg2
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SPT
150 GHz
50 deg2
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108 K

from Ned Wright

Sunyaev-Zel’dovich (SZ) Effect
CMB photons provide a backlight for structure in the universe.

~1% of CMB photons 
traversing a massive 

galaxy cluster scatter.

Thermal SZ effect 
(tSZ) spectral “y” 
distortion due to 
inverse Compton 

scattering.

Kinematic SZ effect 
(kSZ) due to cluster 
moving with respect 

to the CMB
from L. Van Speybroeck

Two important points:
1) SZ effect is a measure of total thermal energy, so good mass proxy.
2) Surface brightness of the SZ effect is independent of redshift!

           → an excellent tool for studying cosmology 
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Measured SZ spectrum
of A2163

SPT Bands



dN

dΩdz
= n(z)

dV

dΩdz

Cluster Abundance: dN/dz

Growth Effect

Volume Effect

Depends on:
Matter Power Spectrum, σ8
Growth Rate of Structure, D(z)

Depends on:
Rate of Expansion, H(z)

• Abundance of clusters is 
sensitive to the dark energy 
equation of state, w = p/ρ
• If dark energy was due to a 
cosmological constant then w = -1

Dark Energy and Cluster Cosmology

   



SZ Cluster Surveys: Mass vs Redshift

Area 
(deg2)

Depth 
(uK-arcmin)

Nclusters

Planck All-sky 45 861

SPT 2500 17 508

ACT 950 23-40 91

• The SZ effect uniquely finds all the massive, high-redshift clusters along 
the line of sight in the observable universe.
• First SZ-discovered cluster found in 2008 (SPT, Staniszewski et al)
• SPT has more than doubled the number of z > 0.5 massive clusters
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Lots of discoveries. 
E.g., SPT-CL J2344-4243: The “Phoenix Cluster”

5’

36

Foley et al 2011

“Phoenix” Cluster

McDonald et al, 
2012, NatureSZ + 

Optical

• Most X-ray luminous cluster known
• Largest star formation rate observed 
in a cluster’s brightest central galaxy:                          
(~800 +/- 40 Msun / year) 
• Star formation efficiency of ~30%; 
“classical” X-ray cooling rate of 2850 Msun / 
year is efficiently turning into stars

(SPT) McDonald et al. (2012, 2013)

Phoenix Cluster
z=0.596

Hubble

20 kpc



Initial wCDM Constraints
Using only first ~5% of survey (18 clusters)

68, 95% Confidence Contours
CMB: WMAP7 + SPT (Komatsu et al 2011, Keisler et al. 2011)
BAO: (Percival et al. 2010)
SNe: (Amanullah et al. 2010)

SPTCL data improved dark energy (w,!m) constraints by 
factor of 1.5, but already limited by mass calibration

!8, Amplitude of Matter Power Spectrum

Benson et al 2011, 
arXiv: 1112.5435

w= -0.97 +/- 0.06
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XMM (X-ray)

Magellan

Mass Calibration 

• Multi-wavelength 
mass calibration 
campaign, including:
1. X-ray with Chandra and 

XMM; 2.1 Msec 80 cluster 
Chandra XVP award, 
PI: Benson

2. Weak lensing from 
Magellan (0.3 < z < 0.6)
HST (z > 0.6) 

3. Dynamical masses from 
NOAO 3-yr survey on Gemini 
(0.3 < z < 0.8 )(PI:Stubbs); 
VLT at (z > 0.8) (PI: Mohr) 

Hubble

Gemini South

Chandra

VLT



Dark Energy Survey (DES) and SPT

•5-year optical survey to image 
5000 deg2, including entire SPT-
SZ survey area

•Multiple probes of dark energy 
(cluster survey, weak lensing, 
BAO, Supernovae)

•The DES Survey began on 
August 31, 2013
– DES will detect ~100,000 

clusters at 0 < z < 1
– Strong complementarity with 

SPT cluster survey and SPT 
CMB lensing; the combination 
will improve cluster 
constraints on dark energy by 
~100x

Blanco 4-meter 
telescope (Chile)



The “pre-Planck” CMB Power Spectrum
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Everything 
cosmology & astrophysics



SPT 2500 deg2

Story, et al., 2012

arXiv:1210.7231

WMAP9 all sky

Angular Frequency (multipole)
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9 harmonic peaks

The “pre-Planck” CMB Power Spectrum



Planck has arrived... 



Primary CMB anisotropy - remarkable agreement 

Fit by vanilla !CDM - just six parameters

Enormous precision:
     Flat universe (!k < 0.01)
     !bh2 = 0.02207 +/- 0.00027
     !ch2 = 0.1198   +/- 0.0026

 (40" difference of !c & !b)
Planck XVI 2013

Planck paper 1 2013



Inflation checks: Geometrical flat universe; Superhorizon features; 
acoustic peaks/adiabatic fluctuations; departure from scale invariance, 
inflationary gravitational waves (tensors)

Planck paper 1 2013

Primary CMB anisotropy - remarkable agreement 



Tensors only contribute TT power
 only at low 𐑙 as they decay after 
they enter the horizon.

plot taken from Ned Wright’s web pages

Tensor (gravitational) perturbation amplitude

Scalar (density) perturbation amplitude
r " V 1/4 = 1.06× 1016GeV

� r
0.01

�1/4

V 1/4 = 1.06× 1016GeV
� r

0.01

�1/4

setting limit to tensor perturbations
i.e., primordial gravitational waves
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Inflation evidence
ns ! 1 at over 5σ

SPT, 
Story et al. 

(1210.7231)
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Constraining inflationary models 
joint r and ns limits
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The Energy Density of the Universe:
Today vs 13.7 Billions years ago

TODAY 13.7 Billion Years Ago
(Universe 380,000 years old)

-Neutrinos are the most abundant particle after photons

-There is a “Cosmic Neutrino Background” that decoupled 
at 1 sec and which we can detect indirectly in the CMB.

NASA/WMAP Team

!"h2 = #m"/92eV  $  !" ≳ 0.4%



#s is the angular distance a 
sound wave could have 
travelled by recombination

~1/#s

Primary CMB anisotropy
Improves precision of sound horizon, !s, 
& provides larger lever arm



And most importantly provides  
determination of the damping scale, !d

#d is the angular diffusion 
length at recombination

e −
(θ

d �) 2

Photon has a mean free 
path and diffuses. So, 
oscillations on small scales 
are damped exponentially. 
(Silk damping)

rd

rs
=

θd

θs
∝ H

0.5                           ,     so ratio is sensitive energy density.



Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Neff and
�

mν (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Neff–meff

ν, sterile plane, colour-coded by Ωch2, in models with one massive
sterile neutrino family, with effective mass meff

ν, sterile, and the three active neutrinos as in the base ΛCDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ≡ 4nHe/nb for helium-4 and yBBN
DP ≡ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ωb, the number
of relativistic degrees of freedom parameterized by Neff , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10−3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Neff would
be required. Note that the results of Mangano et al. (2012) assume that
Neff departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ωb and Neff , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(τn = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (ωb,Neff) and yBBN
DP (ωb,Neff). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

σ(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
σ(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ωb, Neff , and YP). We shall see below that
for the base cosmological model with Neff = 3.046 (or even for
an extended scenario with free Neff) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic effects that will be difficult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes σ(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from σ(τn) = 0.8 s to σ(τn) = 1.1 s Beringer et al. (2012).

45

Constraining model extensions: 
joint Dark Radiation (Neff) and !m! constraints

Planck XVI 2013

Neff is the effective number of relativistic species.  
For standard 3 neutrinos Neff =3.046.
It measures the extra relativistic energy relative to photons.
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Fig. 28. Left: 2D joint posterior distribution between Neff and
�

mν (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Neff–meff

ν, sterile plane, colour-coded by Ωch2, in models with one massive
sterile neutrino family, with effective mass meff

ν, sterile, and the three active neutrinos as in the base ΛCDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ≡ 4nHe/nb for helium-4 and yBBN
DP ≡ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ωb, the number
of relativistic degrees of freedom parameterized by Neff , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10−3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Neff would
be required. Note that the results of Mangano et al. (2012) assume that
Neff departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ωb and Neff , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(τn = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (ωb,Neff) and yBBN
DP (ωb,Neff). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

σ(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
σ(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ωb, Neff , and YP). We shall see below that
for the base cosmological model with Neff = 3.046 (or even for
an extended scenario with free Neff) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic effects that will be difficult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes σ(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from σ(τn) = 0.8 s to σ(τn) = 1.1 s Beringer et al. (2012).
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Constraining model extensions: 
joint Dark Radiation (Neff) and !m! constraints

Planck XVI 2013

Neff is the effective number of relativistic species.  
For standard 3 neutrinos Neff =3.046.
It measures the extra relativistic energy relative to photons.
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Large-Scale
Structure
Lenses the CMB

• RMS deflection of ~2.5ʼ
• Lensing efficiency peaks at z ~ 2 
• Coherent on ~degree 
   (~300 Mpc) scales

CMB lensing

graphic from ESA Website
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from Alex van Engelen

Lensing of the CMB
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Lensing of the CMB



(2500 square degrees)

SPT CMB Anisotropy Map



(2500 square degrees)

SPT CMB Lensing Map

Lensing convergence map smoothed to 1 deg resolution 
from CMB lensing analysis of SPT 2500 deg2 survey

reconstruction of the mass projected
 along the line of sight to the CMB.



(2500 square degrees)

SPT CMB Lensing Map

Lensing convergence map smoothed to 1 deg resolution 
from CMB lensing analysis of SPT 2500 deg2 survey

reconstruction of the mass projected
 along the line of sight to the CMB.

Correlation of matter traced by CMB lensing 
(contours, SPT) and distribution of high z galaxies 
(grayscale; Herschel 500 um) [arXiv:1112.5435]



Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 11. Replotting of Fig. 10, removing 100 GHz for easier
comparison of 143 and 217 GHz. Also plotted are the SPT band-
powers from van Engelen et al. (2012), and the ACT bandpow-
ers from Das et al. (2013). All three experiments are very consis-
tent. The lower panel shows the difference between the measured
bandpowers and the fiducial best-fit ΛCDM model.

– in Planck Collaboration XVI (2013) to derive parameter con-
straints for the six-parameter ΛCDM model and well-motivated
extensions. Lensing also affects the power spectrum, or 2-point
function, of the CMB anisotropies, and this effect is accounted
for routinely in all Planck results. On the angular scales rele-
vant for Planck, the main effect is a smoothing of the acoustic
peaks and this is detected at around 10σ in the Planck tempera-
ture power spectrum (Planck Collaboration XVI 2013). The in-
formation about CφφL that is contained in the lensed temperature
power spectrum for multipoles � <∼ 3000 is limited to the ampli-
tude of a single eigenmode (Smith et al. 2006). In extensions of
ΛCDM with a single additional late-time parameter, lensing of
the power spectrum itself can therefore break the geometric de-
generacy (Stompor & Efstathiou 1999; Sherwin et al. 2011; van
Engelen et al. 2012; Planck Collaboration XVI 2013). As dis-
cussed in Appendix D and Schmittfull et al. (2013), cosmic vari-
ance of the lenses produces weak correlations between the CMB
2-point function and our estimates of CφφL , but they are small
enough that ignoring the correlations in combining the two like-
lihoods should produce only sub-percent underestimates of the
errors in physical cosmological parameters.

In the following, we illustrate the additional constraining
power of our CφφL measurements in ΛCDM models and one-
parameter extensions, highlighting those results from Planck
Collaboration XVI (2013) where the lensing likelihood is influ-
ential.

6.1.1. Six-parameter ΛCDM model

In the six-parameter ΛCDM model, the matter densities, Hubble
constant and spectral index of the primordial curvature perturba-
tions are tightly constrained by the Planck temperature power
spectrum alone. However, in the absence of lensing the am-
plitude As of the primordial power spectrum and the reioniza-
tion optical depth τ are degenerate, with only the combination
Ase−2τ, which directly controls the amplitude of the anisotropy
power spectrum on intermediate and small scales being well de-
termined. This degeneracy is broken by large-angle polarization
since the power from scattering at reionization depends on the
combination Asτ2. In this first release of Planck data, we use
the WMAP nine-year polarization maps (Bennett et al. 2012) in
combination with Planck temperature data. With this data com-
bination, CφφL is rather tightly constrained in the ΛCDM model
(see Fig. 12) and the direct measurements reported here provide
a non-trivial consistency test of the model.

The eight CφφL bandpowers used in the lensing likelihood are
compared to the expected spectrum in Fig. 12 (upper-left panel).
For the latter, we have used parameter values determined from
the main Planck likelihood in combination with WMAP polar-
ization (hereafter denoted WP) and small-scale power spectrum
measurements (hereafter highL) from ACT (Das et al. 2013) and
SPT (Reichardt et al. 2012)†. In this plot, we have renormalized
the measurements and their error bars (rather than the theory) us-
ing the best-fit model with a variant of the procedure described
in Sect. 5.3. Since the lensed temperature power spectrum in the
best-fit model is very close to that in the fiducial model used
to normalise the power spectrum estimates throughout this pa-
per, the power spectrum renormalisation factor (1 + ∆TT

L )2 of
Eq. (44) is less than 0.5% in magnitude. The predicted CφφL in
the best-fit model differs from the fiducial model by less than
2.5% for L < 1000. The best-fit model is a good fit to the mea-
surements, with χ2 = 10.9 and the corresponding probability
to exceed equal to 21%. Significantly, we see that the ΛCDM
model, calibrated with the CMB fluctuations imprinted around
z = 1100, correctly predicts the evolution of structure and geom-
etry at much lower redshifts. The 68% uncertainty in the ΛCDM
prediction of CφφL is shown by the dashed lines in the upper-left
panel of Fig. 12. We can assess consistency with the direct mea-
surements, properly accounting for this uncertainty, by introduc-
ing an additional parameter AφφL that scales the theory CφφL in the
lensing likelihood. (Note that we choose not to alter the lensing
effect in CTT

� .) As reported in Planck Collaboration XVI (2013),
we find

AφφL = 0.99 ± 0.05 (68%; Planck+lensing+WP+highL),

in excellent agreement with AφφL = 1.
An alternative route to breaking the As-τ degeneracy is pos-

sible for the first time with Planck. Since CφφL is directly propor-
tional to As, the lensing power spectrum measurements and the
smoothing effect of lensing in CTT

� (which at leading order varies
as A2

s e−2τ) can separately constrain As and τ without large-angle
polarization data. The variation of CφφL with τ in ΛCDM models

† As discussed in detail in Planck Collaboration XVI (2013), the pri-
mary role of the ACT and SPT data in these parameter fits is to constrain
more accurately the contribution of extragalactic foregrounds which
must be carefully modelled to interpret the Planck power spectra on
small scales. For ΛCDM, the foreground parameters are sufficiently de-
coupled from the cosmological parameters that the inclusion of the ACT
and SPT data has very little effect on the cosmological constraints.

16

CMB lensing power spectrum
Planck XVII 2013

Sensitive to the neutrino masses
%m" = 0.1 eV $ 5% amplitude of spectrum

Polarization gives additional lensing 
sensitivity and is a cleaner probe. 
Blens modes are only sourced by lensing.
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Fig. 11. Replotting of Fig. 10, removing 100 GHz for easier
comparison of 143 and 217 GHz. Also plotted are the SPT band-
powers from van Engelen et al. (2012), and the ACT bandpow-
ers from Das et al. (2013). All three experiments are very consis-
tent. The lower panel shows the difference between the measured
bandpowers and the fiducial best-fit ΛCDM model.

– in Planck Collaboration XVI (2013) to derive parameter con-
straints for the six-parameter ΛCDM model and well-motivated
extensions. Lensing also affects the power spectrum, or 2-point
function, of the CMB anisotropies, and this effect is accounted
for routinely in all Planck results. On the angular scales rele-
vant for Planck, the main effect is a smoothing of the acoustic
peaks and this is detected at around 10σ in the Planck tempera-
ture power spectrum (Planck Collaboration XVI 2013). The in-
formation about CφφL that is contained in the lensed temperature
power spectrum for multipoles � <∼ 3000 is limited to the ampli-
tude of a single eigenmode (Smith et al. 2006). In extensions of
ΛCDM with a single additional late-time parameter, lensing of
the power spectrum itself can therefore break the geometric de-
generacy (Stompor & Efstathiou 1999; Sherwin et al. 2011; van
Engelen et al. 2012; Planck Collaboration XVI 2013). As dis-
cussed in Appendix D and Schmittfull et al. (2013), cosmic vari-
ance of the lenses produces weak correlations between the CMB
2-point function and our estimates of CφφL , but they are small
enough that ignoring the correlations in combining the two like-
lihoods should produce only sub-percent underestimates of the
errors in physical cosmological parameters.

In the following, we illustrate the additional constraining
power of our CφφL measurements in ΛCDM models and one-
parameter extensions, highlighting those results from Planck
Collaboration XVI (2013) where the lensing likelihood is influ-
ential.

6.1.1. Six-parameter ΛCDM model

In the six-parameter ΛCDM model, the matter densities, Hubble
constant and spectral index of the primordial curvature perturba-
tions are tightly constrained by the Planck temperature power
spectrum alone. However, in the absence of lensing the am-
plitude As of the primordial power spectrum and the reioniza-
tion optical depth τ are degenerate, with only the combination
Ase−2τ, which directly controls the amplitude of the anisotropy
power spectrum on intermediate and small scales being well de-
termined. This degeneracy is broken by large-angle polarization
since the power from scattering at reionization depends on the
combination Asτ2. In this first release of Planck data, we use
the WMAP nine-year polarization maps (Bennett et al. 2012) in
combination with Planck temperature data. With this data com-
bination, CφφL is rather tightly constrained in the ΛCDM model
(see Fig. 12) and the direct measurements reported here provide
a non-trivial consistency test of the model.

The eight CφφL bandpowers used in the lensing likelihood are
compared to the expected spectrum in Fig. 12 (upper-left panel).
For the latter, we have used parameter values determined from
the main Planck likelihood in combination with WMAP polar-
ization (hereafter denoted WP) and small-scale power spectrum
measurements (hereafter highL) from ACT (Das et al. 2013) and
SPT (Reichardt et al. 2012)†. In this plot, we have renormalized
the measurements and their error bars (rather than the theory) us-
ing the best-fit model with a variant of the procedure described
in Sect. 5.3. Since the lensed temperature power spectrum in the
best-fit model is very close to that in the fiducial model used
to normalise the power spectrum estimates throughout this pa-
per, the power spectrum renormalisation factor (1 + ∆TT

L )2 of
Eq. (44) is less than 0.5% in magnitude. The predicted CφφL in
the best-fit model differs from the fiducial model by less than
2.5% for L < 1000. The best-fit model is a good fit to the mea-
surements, with χ2 = 10.9 and the corresponding probability
to exceed equal to 21%. Significantly, we see that the ΛCDM
model, calibrated with the CMB fluctuations imprinted around
z = 1100, correctly predicts the evolution of structure and geom-
etry at much lower redshifts. The 68% uncertainty in the ΛCDM
prediction of CφφL is shown by the dashed lines in the upper-left
panel of Fig. 12. We can assess consistency with the direct mea-
surements, properly accounting for this uncertainty, by introduc-
ing an additional parameter AφφL that scales the theory CφφL in the
lensing likelihood. (Note that we choose not to alter the lensing
effect in CTT

� .) As reported in Planck Collaboration XVI (2013),
we find

AφφL = 0.99 ± 0.05 (68%; Planck+lensing+WP+highL),

in excellent agreement with AφφL = 1.
An alternative route to breaking the As-τ degeneracy is pos-

sible for the first time with Planck. Since CφφL is directly propor-
tional to As, the lensing power spectrum measurements and the
smoothing effect of lensing in CTT

� (which at leading order varies
as A2

s e−2τ) can separately constrain As and τ without large-angle
polarization data. The variation of CφφL with τ in ΛCDM models

† As discussed in detail in Planck Collaboration XVI (2013), the pri-
mary role of the ACT and SPT data in these parameter fits is to constrain
more accurately the contribution of extragalactic foregrounds which
must be carefully modelled to interpret the Planck power spectra on
small scales. For ΛCDM, the foreground parameters are sufficiently de-
coupled from the cosmological parameters that the inclusion of the ACT
and SPT data has very little effect on the cosmological constraints.
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Polarization of the CMB

from W. Hu’s web page

Due to Thomson scattering – 
    CMB must be polarized



Generating CMB polarization

Density mode

hotter due to Doppler shift

Before decoupling:
           - electron ‘sees’ only a local monopole
During decoupling:
           - mean free path increases and electron ‘sees’ quadrupole
           - scattered light is polarized 
E-mode from density modes (scalar fluctuations)

hotter due to Doppler shift

x!



E-mode Polarization (Curl free)

Polarization parallel & perpendicular
     to wave vector

Even parity, curl-free

Density (scalar) fluctuations
     generate only E-Polarization



Gravitational wave induced CMB polarization

E-mode B-mode
(Inflationary GW B-modes)

Figure from John Kovac’s thesis



B-mode Polarization (div free) 

Polarization oriented ±45 degrees
     to wave vector

Odd parity, div free
   
NOT generated by density fluctuations 

Generated by gravitational waves 
sourced by Inflation in the first instants of 
the universe, 10-35 seconds, at ~ GUT 
energies.

“Smoking gun” test of 
Inflation and direct measure 
of its energy scale



TT

EE

density oscillations

CMB polarization: 
the next frontier for lensing & inflation



density oscillations

Inflationary Gravitational wave oscillations

TT

EE

BBIGW

CMB polarization: 
the next frontier for lensing & inflation



r = 0.1, 2x1016GeV

r = 0.01

TT

EE

BBIGW

CMB polarization: 
the next frontier for lensing & inflation



BBlensing
lensing of EE to BB

BBIGW

TT

EE

CMB polarization: 
the next frontier for lensing & inflation

r = 0.01



!mν = 0

!mν = 1.5 eV

BBlensing
BBIGW

TT

EE

CMB polarization: 
the next frontier for lensing & inflation



CMB polarization: 
the next frontier for lensing & inflation

Shifted and expanded scale: 0.001 < r < 0.01 
Figure from Snowmass planning document arXiv:1309.5381

expected
foreground
levels



Status of B-mode experiments 

100 nK !

QUAD

BICEP1

BICEP1

QUAD

EE: > 2$ detections

BB: 95% C.L. limits

Barkats et al., arXiv:1310.1422

DASI
2002



SPTpol: 
polarization-sensitive 
camera on SPT

(360x) 100 GHz detectors, 
  (Argonne National Labs)

(1176x) 150 GHz detectors (NIST)

Status:
- First light Jan. 26, 2012
- 500 deg2 survey to ≲6 uK-arcmin 
depth (3x deeper than SPT-SZ)
- 2 yrs of 4 yr survey done



SPTpol: Detectors

Al/Mn TES
(Tc ~ 0.5 K)

Polarization 
Splitter /
Antenna (OMT)
- Niobium on SiN

Niobium 
stripline

4 
m

m

10
 m

m

Crossed 
absorbers

Mo/Au TES
(Tc ~ 0.5 K)

SPTpol used two different detectors technologies
• At 90 GHz, individual pixels, crossed absorbers with TES made at Argonne
• At 150 GHz, array of antenna-coupled TES made at NIST (Boulder)
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SPTpol polarization sensitive camera

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

(1176x) 150 GHz detectors (NIST)



!"

SPTpol polarization sensitive camera

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

(1176x) 150 GHz detectors (NIST)

SPTpol 1st light January 2012



E-mode polarization visible by eye 
in150 GHz Stokes Q & U maps

SPTpol 100 deg2 Deep Field from 2012

Q U



SPTpol Detection of CMB B-mode Polarization

SPTpol Measured 
E-mode polarization

Lensing Potential 
from Herschel CIB

Predicted B-mode
polarization

B-mode template to 
correlate with SPT 

B-mode map

SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830)



SPTpol Detection of lensing B-modes!

SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830)
Also recently detected by Polarbear arXiv:1312.6645 & 1312.6646

null test

SPT

SPTpol



SPTpol Detection of lensing B-modes!

SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830)
Also recently detected by Polarbear arXiv:1312.6645 & 1312.6646

null test

SPT

SPTpol



2012: SPTpol Stage II
1600 detectors (ANL/NIST)

2016: SPT-3G Stage III 4x larger area
15,234 detectors at T = 250mK

:#9;%9<#9;%=9:8;%>?@3AB13A%
3CD%=>E%413.F%G?AHICJ%?C%
=43J1%KK%4?%=43J1%KKK%D141L4?A%
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Broad-band Polarization 
Sensitive Antenna

UC Berkeley prototype pixel

TES
Detector

Micro-strip to inline
filters

5 
m

m

next: SPT-3G

75mm
wafers

150mm
wafers



2001: ACBAR
16 detectors

2007: SPT
960 detectors

2012: SPTpol
~1600 detectors

2016: SPT-3G
~15,200 detectors

2020?: CMB-S4
200,000+ detectors

Detectors have been background limited 
by photon “shot” noise. 
Sensitivity improvements are made by 
having more detectors.

Pol

Pol

Whats next? Evolution of CMB Focal Planes

Stage-2

Stage-3

Stage-4

CMB Stage-4 Experiment
Described in Snowmass CF5: 

Neutrinos: arxiv:1309.5383 
Inflation: arxiv:1309.5381 

Pol



10m South Pole Telescope

DASI
QUAD

KECK
ARRAY

Also amazing progress by the BICEP/KECK team on 
degree beam CMB polarization measurements

Observing same sky fields as SPTpol at degree 
angular resolution to target inflationary B modes 
% combined SPT/BICEP/KECK data will lead to 
best constraints

BICEP1
  BICEP2  
     BICEP3



BICEP2
2010-2012

512 @ 150 GHz
JPL

BICEP3
2015

2056 @ 100 GHz

50 @ 100 GHz
48 @ 150 GHz

Current best limits on 
Inflationary polarization

BICEP1
2006-2008

5 x 512 @ 150 GHz

Keck Array
on DASI mount +



BICEP2
2010-2012

512 @ 150 GHz
JPL

BICEP3
2015

2056 @ 100 GHz

50 @ 100 GHz
48 @ 150 GHz

Current best limits on 
Inflationary polarization

BICEP1
2006-2008

5 x 512 @ 150 GHz

Keck Array
on DASI mount

in Chao-Lin’s 
lab

+



CMB Experimental Stages
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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

Today

Snowmass: CF5 Neutrinos Document
arxiv:1309.5383



CMB-S4: A CMB Stage 4 Experiment

• Experimental Configuration:
- 200,000 - 500,000 detectors on multiple platforms
- Spanning 40 - 240 GHz for foreground removal
- < 3 arcmin resolution required for CMB lensing, neutrino science

• Two Nested Surveys:
- Inflation survey (~few% of sky)
- Neutrino survey (~half of sky) 

• Target noise of ~1 uK-arcmin depth over half the sky, 
starting in 2020

Primary technical challenge will be from the 
scaling of the CMB detector arrays

Snowmass: CF5 Neutrinos Document
arxiv:1309.5383



Projected CMB Constraints

  σ(r) σ(Neff) σ(Σmν)

Current CMB 0.10 0.34 117 meV

2016 Stage 2: SPTpol 0.03 0.12 96 meV

2020 Stage 3: SPT-3G 0.01 0.06 61a meV

2024 Stage 4: CMB-S4 0.001 0.02 16b meV

The CMB measurements will achieve important benchmarks:
• Energy scale of inflation? Test large vs small field inflation
• Dark Radiation?  New physics in neutrino or dark sector?
• Cosmological detection of neutrino mass, Σmν.

 
Snowmass: CF5 Neutrinos + Inflation documents arXiv:1309.5383, 1309.5381, 
see also Wu et al., arXiv:1402.4108

a Includes BOSS prior
b Includes DESI prior

http://arxiv.org/abs/1402.4108
http://arxiv.org/abs/1402.4108


Last words

We have learned a great deal from the CMB and will 
learn even more in the future,

Did the universe start with an epoch of inflation? 
What is the energy scale of inflation?  
Is there “dark radiation”? 
What are the neutrino masses? 
What is dark energy?

with lots of great astrophysics and new discoveries on 
the way. 

Thanks
For more information and SPT publications see pole.uchicago.edu


