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Planck Surveyor
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Angular Power Spectrum

Figure from Planck 2015 Results XI 

Fit by vanilla ΛCDM 
 - only six parameters -  
Ωbh2  Ωch2  ΩΛ  Δ2R  ns  τe
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10m South Pole Telescope 
pole.uchicago.edu 

6m Atacama Cosmology Telescope 
physics.princeton.edu/act/

2.5m  Huan Tran Telescope  
bolo.berkeley.edu/polarbear

Large aperture CMB telescopes
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http://bolo.berkeley.edu/polarbear
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BICEP2 & 3 and KECK telescope 
at South pole  
bicepkeck.org 

Spider balloon-born experiment  
spider.princeton.edu  

Also small aperture CMB telescopes

9

Also  
Ground: ABS, CLASS,QUBIC, QUIJOTE, GroundBird  
Balloon: EBEX, PIPER, LSPE 
Satellite proposals: LiteBird, PIXIE

NASA/JPL detector  
modules 

http://bicepkeck.org


The South Pole 
Telescope (SPT)

2007: SPT-SZ 
 960 detectors (UCB)

 100,150,220 GHz

2016: SPT-3G 
 16,400 detectors

 100,150, 220 GHz
 +Polarization

A very high-tech 10-meter 
submm wave telescope

  100, 150, 220 GHz and           
   1.6,  1.2,  1.0 arcmin resolution

2012: SPTpol 
 1600 detectors
 100,150 GHz
 +Polarization



The South Pole Telescope Collaboration 

Funded By:
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Today: Outstanding agreement between CMB 
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Figure from Planck 2015 Results XI 
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Acoustic features and neutrinos

Figure from Planck 2015 Results XI 

Neutrinos and the damping tail: 
Photon diffusion 

Hou et al., PRD 87 (8), 083008  
Phase of acoustic peaks 

Follin et al., PRL 115, 091301 
Baumann et al., arXiv:
1508.06342
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Acoustic features and neutrinos

Figure from Planck 2015 Results XI 

Cosmic Variance  
limited
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Only ~ 10% of 
sky measured
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Polarization gives another 
measurement of these effects
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CMB polarimetry

‣ CMB	polarized	via	Thomson	scaTering	and	local	anisotropy	
(e.g.	Sun	scaTering	in	atmosphere)

14

e-

Sun
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CMB polarimetry: E-modes

‣ CMB	polarized	via	Thomson	scaTering	and	local	anisotropy	
(e.g.	Sun	scaTering	in	atmosphere)	

‣ Density/Temperature	anisotropy	generates	intrinsic	CMB	
polariza>on
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Cold    Hot   Cold   Hot    Cold• Symmetric under “parity” 
         k       -k 

• “E-mode” only

1.2 The Cosmic Microwave Background 13
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.
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CMB polarimetry: E-modes

‣ CMB	polarized	via	Thompson	scaTering	and	local	anisotropy	
(e.g.	Sun	scaTering	in	atmosphere)	

‣ Density/Temperature	anisotropy	generates	intrinsic	CMB	
polariza>on
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• EE power spectrum is a 
different probe of same 
physics producing TT 
spectrum

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor

TT
EE
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Measuring CMB polarization with SPTpol

17
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SPTpol: Detectors

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)

18

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)

3” 88 pixel 
Detector Array
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SPTpol polarization sensitive camera

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

(1176x) 150 GHz detectors (NIST)
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SPTpol polarization sensitive camera

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

(1176x) 150 GHz detectors (NIST)
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SPTpol polarization sensitive camera

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

(1176x) 150 GHz detectors (NIST)

SPTpol 1st light January 2012
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TE, EE Compilation Power Spectrum

20

Crites et al. ApJ, 805 (2015)
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Neff and YP from CMB acoustic features

21
Baumann et al., arXiv:1508.06342
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Large-Scale
Structure
Lenses the CMB

• RMS deflection of ~2.5’
• Lensing efficiency peaks at z 
~ 2, or 7000 Mpc distance
• Coherent on ~degree (~300 
Mpc) scales



17°x17°

from Alex van Engelen

Lensing of the CMB



17°x17°

from Alex van Engelen

Lensing of the CMB



high resolution and sensitivity map of 
the CMB from SPT 
covering 1/16 of the sky

(2500 square degrees)



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

CMB Lensing Map 
reconstruction of mass projected along 
the line of sight to the CMB
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It’s really the Dark Matter: 

28

100 sq. deg. of Herschel SPIRE data on “SPT deep field” 

RGB = 500,350,250 um 
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It’s really the Dark Matter: 

29

Smooth 500um map to 
~1 degree scales 
 (~100 com. Mpc).   
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It’s really the Dark Matter: 

30

Smooth 500um map to 
~1 degree scales 
 (~100 com. Mpc).   


Add mass contours 
from SPT CMB lensing.
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It’s really the Dark Matter: 

31

Smooth 500um map to 
~1 degree scales 
 (~100 com. Mpc).   


Add mass contours 
from SPT CMB lensing. 


~10σ correlation signal

Holder et al., ApJL, 771 (2013) 16 
van Engelen et al., ApJ 808, 7 
(2015) 
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Smooth 500um map to 
~1 degree scales 
 (~100 com. Mpc).   


Add mass contours 
from SPT CMB lensing. 


~10σ correlation signal

Holder et al., ApJL, 771 (2013) 16 
van Engelen et al., ApJ 808, 7 
(2015) 



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

CMB Lensing Map 
reconstruction of mass projected along 
the line of sight to the CMB
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Das et al., PRL 107, 021301 (2011) 
van Engelen et al., ApJ 756 (2012)
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Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ⇥ T�/m� � 1/H

Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ⇥ T�/m� � 1/H

∑mν = 100 meV → 5%

Das et al., PRL 107, 021301 (2011) 
van Engelen et al., ApJ 756 (2012)



CMB Lensing via CMB polarization



n̂ ! n̂+r�(n̂)

⇥(n̂) = �2

Z �⇤

0
d⇤

fK(⇤⇤ � ⇤)

fK(⇤⇤)fK(⇤)
�(⇤n̂; �0 � ⇤)



BBlensing
lensing of EE to BB

BBIGW

EE

r = 0.01

reionization bump 
recombination bump

Lensing mixes E into B

T T



E-modes  from 
SPTpol



E-modes  from 
SPTpol

Φ-modes  from CIB 
(Herschel)



E-modes  from 
SPTpol

Φ-modes  from CIB 
(Herschel)

Traces DM/lensing potential



E-modes  from 
SPTpol

Synthesized lensing 
B-mode template.

Φ-modes  from CIB 
(Herschel)



E-modes  from 
SPTpol

Synthesized lensing 
B-mode template.

Φ-modes  from CIB 
(Herschel)

Cross template w/ B-mode map and look for signal
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7.7σ detection of CMB lensing B-modes 

40

null test

Hanson et al., PRL, 111 (2013) 
van Engelen et al., ApJ 808, 7 (2015)
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7.7σ detection of CMB lensing B-modes 

40

null test

Hanson et al., PRL, 111 (2013) 
van Engelen et al., ApJ 808, 7 (2015)



BB Compilations

Keisler et al, ApJ, 807 (2015)
Naess et al., JCAP 10, 007 (2014)
BICEP2 Collab., Phys. Rev. Lett. 112, 241101
Polarbear Collab., ApJ, 794 (2014)

dust BBlens

total
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Full lensing

42

14

Fig. 6.— Lensing potential power spectrum bandpowers estimated from SPTpol, as well as those previously reported for temperature by
SPT-SZ (van Engelen et al. 2012), ACT (Das et al. 2014), Planck (Planck Collaboration XVII 2013), and for polarization by POLARBEAR
(POLARBEAR Collaboration). The black solid line shows the Planck+Lens+WP+highL best-fit ⇤CDM model.

Fig. 7.— The distribution of reconstructed MV lensing ampli-
tudes from simulations are shown here for lensed (green) and un-
lensed (red) simulations. The amplitude of the MV estimate for
the data is shown as a blue line. The statistical uncertainty of
our MV lensing construction is given by the standard deviation
of the lensed simulations (�AMV = 0.14). The significance with
which we rule out the no-lensing hypothesis is calculated from the
standard deviation of the unlensed simulations (0.065).

metrics for the jackknife spectrum and amplitude
relative to zero (rather than relative to the MV
spectrum and amplitude). Formally, this means re-

placing the baseline spectrum C��
b and amplitude

AMV in Equation 30 with zeros, and using noise-
only simulations. We find that the null spectrum
and amplitude are consistent with noise.

Finally, we compare the spectra and amplitudes from
each of the estimators with those from the MV spec-
trum. We find that the spectra are mostly consistent.
The “TExEB” spectrum amplitude is high by ⇠ 2.1�
relative to the expectation from simulations, while he
“EExEE” spectrum amplitude is low by ⇠ 2.8�. All
other spectra are consistent to within 2�.

8. DISCUSSION

In this paper, we have presented a measurement of the
CMB lensing potential � from 100 deg2 of sky observed
in temperature and polarization with SPTpol. Using a
quadratic estimator analysis including polarization infor-
mation, we have constructed a map of the lensing con-
vergence field. Individual Fourier modes in this map are
measured with signal-to-noise greater than one in the
angular wavenumber or multipole range 100 < L < 250.
This represents the highest signal-to-noise map of the in-
tegrated lensing potential made from the CMB to date.
We have calculated the power spectrum of the lensing
potential C��

L from these maps. We have verified that
this measurement is robust against systematics by per-
forming a suite of systematics and null-tests.
We compare this spectrum to a fiducial model taken

from the Planck+Lens+WP+highL best-fit ⇤CDM
model, and find a relative amplitude of AMV = 0.92 ±

Story et al., ApJ, 810 (2015)



Rapid progress!  All in last ~2 years.

CMB polarization measurements 

dust corrected

Compilation by L. Page



Moving forward
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Fundamental limits of CMB measurement

‣ Uncertainty	on	measured	photon	power	in	>me,	τ	

‣ Have	to	measure	lots	of	photons

45

Jonas Zmuidzinas 
Applied Optics, Vol. 42, Issue 25, pp. 4989-5008 (2003) 
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Background limited detectors

‣ Detectors	are	now	photon	noise	limited

46

‘Moore’s Law’ for Sensitivity and Mapping Speed

BLIP – CMB Ground

BLIP – CMB Space
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2001: ACBAR
16 detectors

2007: SPT
960 detectors

2012: SPTpol
~1600 detectors

Further improvements are made 
only by making more detectors!

Pol

Pol

SPT experimental trajectory

Stage-2

Stage-3
2016: SPT-3G

~15,000 detectors





Suzuki et al., Proc. SPIE 8452, Mm, Sub-mm, and Far-IR Detectors and 
Instr. for Astro. VI, 84523H (October 5, 2012) 
Posada et al., (2015)
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More detectors!

49

Multichroic for more 
detectors per pixel

Large wafers for more 
pixels per wafer

High throughput fab for 
more wafers per focal plane



Next for SPT → SPT-3G 

3 mm

SPT-3G CMB Detector 
Wafer 
(fabricated at ANL)

1 of 10 SPT-3G 
Detector Modules 
assembled at FNAL

Cold Lenses
(4 Kelvin)

Focal 
Plane
(0.25 K)

SQUID
Readout
(4 K)

SPT-3G 
Camera

2 m

~15K detectors!
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Bigger cryostats

51
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Bigger cryostats

51



SPTpol and SPT-3G projections
EE-Spectrum

BB-Spectrum

B-modes
(Inflation)

B-modes
(lensed)

Planck 
SPTpol 
SPT-3G 

*	includes	BOSS	prior

SPTpol	 
(2015)

SPT-3G	 
(2019)

σ(r) 0.028 0.011

σ(Neff) 0.117 0.058

σ(Σmν) 0.096	eV 0.061	eV*

Projec.ons	  
(w/Planck	priors)

CMB Lensing

SPT-3G will measure 
individual lensing modes to 
ell~700 (Planck to ell~60)

Shown for r = 0.04



ACTpol/CLASS/AdvACTpol

Polarbear/PB2/Simons ArraySPTpol/SPT-3G 

BICEP2/KECK/BICEP3



The next big step

Snowmass CF5 Neutrinos Document arxiv:1309.5383; figure by Clem Pryke
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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
Increasing sensitivity

A Moore’s Law of CMB sensitivity



Maintaining Moore’s Law:  focal planes are saturated 
so must use parallel processing and multiple telescopes.

ramping up
~10,000 detectors

Now 
~1000 detectors

Stage II

Stage III

Stage IV
~2020 - CMB-S4
~500,000 detectors

CMB-S4: A program to put O(500,000) 
detectors spanning 30 - 300 GHz using 
multiple telescopes and sites to map ≳70% 
of sky.

increasing detector count

(the trend being followed by all  

CMB projects, not just SPT)

CMB Stage-4 Experiment
Described in Snowmass CF5: 
Abazajian et al., Astropart.Phys. 
63 (2015)
Abazajian et al., arxiv:1309.5381 



• Survey(s): 
-	Infla>on,	Neutrino,	and	Dark	Energy	science	requires	an	op>mized	survey(s)	
using	a	range	of	resolu>on	and	sky	coverage	from	deep	to	wide. 

• Sensitivity: 
-		polariza>on	sensi>vity	of	~1	uK-arcm	over	≳70%	of	the	sky	

• Resolution:
-	exquisite	low-l	coverage	for	infla>onary	B	modes	(degree)	
-	lmax	~	5000	for	CMB	lensing	&	neutrino	science	(arc-minute)	
-	higher-l	improves	dark	energy	constraints,	gravity	tests	on	large	scales	via	
the	SZ	effects,	and	more… 

• Configuration: 
-	O(500,000)	detectors	on	mul>ple	telescopes	(small	and	large	aperture)	
-	spanning	~	30	-	300	GHz	for	foreground	mi>ga>on	

Strawman CMB-S4 specifications



Overlapping	sky	with	DES,	DESI	and	LSST

Coverage	from	Chile	and	South	Pole 
70%	of	the	sky,	overlapping	the	large	op>cal	surveys		



Snowmass	joint	projec>ons	Neff	-	Σmν

σ(Neff)	=	0.020	
CMB	uniquely	
probes	Neff  

σ(Σmν)	=	16	meV  
(with	DESI	BAO)	
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Technical connections?

59
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Summary

‣ CMB	experiments	will	study	the	Cosmic	Neutrino	Background	
• Acous>c	features	measure	neutrinos	in	the	early	univers	
• Lensing	measures	neutrino	mass	
• Need	CMB	polariza>on	measurements	to	capture	all	the	informa>on	

(also	only	way	to	measure	Infla>onary	Gravita>onal	Waves)	
‣ Staged	trajectory	for	the	field	of	CMB	polariza>on	

• Stage	II:	O(1000)	detectors	(SPTpol)	
• Stage	III:	O(10,000)	detectors	(SPT-3G)	
• Stage	IV:	O(100,000)	detectors	(CMB-S4)	

‣ Technical	challenge	is	scaling	up	detector	arrays.	TES	is	
technology	of	choice	

‣ Strong	connec>ons	with	both	science	&	technology
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