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Figure 4: Examples of E-mode and B-mode patterns of polarization. Note that if reflected 
across a line going through the center the E-patterns are unchanged, while the 
positive and negative B-patterns get interchanged. 

E- and B-modes 
E and B completely specify the linear polarization field. E-polarization is often also 

characterized as a curl-free mode with polarization vectors that are radial around cold spots 
and tangential around hot spots on the sky. In contrast, B-polarization is divergence-free 
but has a curl: its polarization vectors have vorticity around any given point on the sky.17 

Fig. 4 gives examples of E- and B-mode patterns. Although E and B are both invariant 
under rotations, they behave differently under parity transformations. Note that when 
reflected about a line going through the center, the E-patterns remain unchanged, while 
the B-patterns change sign. 

TE correlation and superhorizon fluctuations 
The symmetries of temperature and polarization (E- and B-mode) anisotropies allow 

four types of correlations: the autocorrelations of temperature fluctuations and of E- and 
B-modes denoted by TT, EE, and BB, respectively, as well as the cross-correlation between 
temperature fluctuations and E-modes: TE. All other correlations (TB and EB) vanish 
for symmetry reasons.18 

The angular power spectra are defined as rotationally invariant quantities 

2 ^ + 1 ^ im im ' 
X,Y = T,E,B. (40) 

In Fig. 5 we show the latest measurement of the TE cross-correlation [14]. The EE spectrum 
has now begun to be measured, but the errors are still large. So far there are only upper 
limits on the BB spectrum, but no detection. 

17Evidently the E and B nomenclature reflects the properties familiar from electrostatics, V x E = 
0 and V • B = 0. 

1 8This assumes no parity-violating processes in the early universe. Conversely non-zero TB and 
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Precision Cosmology

Credit: ESA and the Planck Collaboration

Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base ⇤CDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at
low and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the TT+lowP and TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

which do not depend strongly on ⌧ are consistent between the TT
and T E spectra to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Note that the T E
and EE entries in Table 3 do not use any information from the
temperature in the low multipole likelihood. The tendency for
higher values of �8, As, and ⌧ in the Planck TT+lowP solution is
driven, in part, by the temperature power spectrum at low multi-
poles.

Columns [4] and [5] of Table 3 compare the parameters of
the TT likelihood with the full TT,T E, EE likelihood. These
are in agreement, shifting by less than 0.2�. Although we have
emphasized the presence of systematic e↵ects in the Planck
polarization spectra, which are not accounted for in the errors
quoted in column [4] of Table 3, the consistency of the TT and
TT,T E, EE parameters provides strong evidence that residual
systematics in the polarization spectra have little impact on the
scientific conclusions in this paper. The consistency of the base
⇤CDM parameters from temperature and polarization is illus-
trated graphically in Fig. 6. As a rough rule-of-thumb, for base
⇤CDM, or extensions to ⇤CDM with spatially flat geometry,
using the full TT,T E, EE likelihood produces improvements in
cosmological parameters of about the same size as adding BAO
to the Planck TT+lowP likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-

ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵ emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2014). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
even assuming high escape fractions for ionizing photons, im-
plying additional sources of photoionizing radiation from still
fainter objects. Evidently, it would be useful to have an indepen-
dent CMB measurement of ⌧.

The ⌧ measurement from CMB polarization is di�cult be-
cause it is a small signal, confined to low multipoles, requiring
accurate control of instrumental systematics and polarized fore-
ground emission. As discussed by Komatsu et al. (2009), uncer-
tainties in modelling polarized foreground emission are com-
parable to the statistical error in the WMAP ⌧ measurement.
In particular, at the time of the WMAP9 analysis there was
very little information available on polarized dust emission. This
situation has been partially rectified by the 353 GHz polariza-
tion maps from Planck (Planck Collaboration Int. XXII 2014;
Planck Collaboration Int. XXX 2014). In PPL13, we used pre-
liminary 353 GHz Planck polarization maps to clean the WMAP
Ka, Q, and V maps for polarized dust emission, using WMAP
K-band as a template for polarized synchrotron emission. This
lowered ⌧ by about 1� to ⌧ = 0.075 ± 0.013 compared to
⌧ = 0.089 ± 0.013 using the WMAP dust model.12 However,
given the preliminary nature of the Planck polarization analysis
we decided to use the WMAP polarization likelihood, as pro-
duced by the WMAP team, in the Planck 2013 papers.

In the 2015 papers, we use Planck polarization maps based
on low-resolution LFI 70 GHz maps, excluding Surveys 2 and
4. These maps are foreground-cleaned using the LFI 30 GHz

12Note that neither of these error estimates reflect the true uncer-
tainty in foreground removal.
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Planck Collaboration: Cosmological parameters
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Put down the champagne! 
Figures: 

Figure 1: The Current Tension in the Determination of Ho   

 

 

Figure 1: Recent values of Ho as a function of publication date since the Hubble Key 

Project (adapted from Beaton et al. 2016). Symbols in blue represent values of Ho 

determined in the nearby universe with a calibration based on the Cepheid distance scale. 

Symbols in red represent derived values of Ho based on an adopted cosmological model 

and measurements of the CMB. The blue and red shaded regions show the evolution of 

the uncertainties in these values, which have been decreasing for both methods. The most 

recent measurements disagree at greater than 3-σ.  

Are there cracks in ΛCDM? 
….. 

or systematics in the data?

Freedman 2017

More precise B-mode 
measurements needed to 

constrain fundamental physics!



The South Pole 
Telescope (SPT)

10-meter sub-mm
 quality telescope

arcminute resolution at 
150 GHz

Three CMB receivers
SPT-SZ
SPTpol
SPT-3G



SPT-SZ + DES

Significant overlap with DES field!

• CMB cluster lensing for mass 
calibration
• Baxter 2018 (MNRAS 476, 2674) 

• 5 x 2 cross correlation analysis:  
galaxy clustering, weak lensing 
shear, CMB lensing
• Baxter 2018 (arXiv1802.05257)

• Cluster cosmology
• SPT selection, DES redshifts & weak 

lensing mass calibration

DES Footprint
SPT Footprint

22h 0h 2h 4h 6h

-30d

-65d

-15d



SPTpol 500 deg2 Survey

E Signal

E Noise

Henning 2018
ApJ 852, 97



Polarized Power Spectra

Sensitive to both 
large and small 
angular scales in 
CMB polarization

Constrains 
polarized point 
sources.

Henning 2018
ApJ 852, 97

sample variance limited



Constraining ΛCDM
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Henning 2018
ApJ 852, 97

SPTpol full ell range



• TES bolometers
• sensitive to 2 orthogonal polarizations 

& 3 bands (95/150/220 GHz)
• 16,140 TES in the SPT-3G focal 

plane

SPT-3G

0.5m

2 mm

0.13 m





Detectors & Readout 
• Collaborative effort between ANL & 

FNAL was critical for SPT-3G
• Fabrication at ANL
• Assembly & packaging at FNAL (both 

detectors and readout)
• Combined ‘Chicagoland’ group performing 

quality control and characterization.  



SPT-3G Lab Operations
• Cryogenic performance
• Optical characterization
• Integrated readout performance
• Basic operations techniques



First Light Jan. 2017 !!
2017: calibration campaign

late 2017: system improvements
2018: science survey



Polarized Source Maps
Centaurus A



Example CMB Temperature Map

1500 sq deg
4 year survey ongoing

Stay tuned.

500 sq deg 
commissioning field

Common CMB structures & 
point sources clearly visible 

between the two bands



The CMB-S4 Experiment
•Endorsed by DOE/NSF P5 report, NRC (NSF) Antarctic Science 
report, Concept Definition Taskforce (CDT) report accepted by AAAC 
panel
• CMB-S4 concept:

• 400,000 detectors split between 3x 6-m aperture, 14x 0.5-m aperture telescopes
• Two sites: Spread between Chile and South Pole
• Two surveys: Inflation survey on ~3-8% of sky, Cross-correlation survey on ~40% of sky.

Strawman CMB-S4 configuration

11%m

e.g.,%6%meter%Diameter%Telescope
2.5!meter!Diameter!Focal!Plane!
with!100,000+!detectors

High%resolution%Science%+%de;lensing:%
300,000%Detectors%on%3;4%large%telescopes

Low%resolution%B;mode%Science:%
200,000%Det.%on%~12%small%telescopes

; 500,000%Detectors%%(Stage%3%experiments%have%~10,000%detectors)%
; ~8%Frequency%Bands%for%CMB%and%Foreground%Removal%
; Telescopes%sized%to%address%B;mode,%de;lensing%and%high;l%science

Figure from Mark Devlin / Mike Niemack Figure from BICEP Array



CMB-S4 Opportunities
• Detector &  **Readout** development 

• Optimize instrumental sensitivity

• Develop techniques for improved scalability 
• Continued collaborative effort between ANL & FNAL 

• ‘In-house’ experts on detectors, readout, fabrication, integration, 
systems, etc.   

• Facilities (CNM, SiDet)
• Scientific analysis of the data!
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De-lensing with SPTpol
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Sims

Nominal

Delensed 28% reduction in lensing 
power using Herschel to 
trace the cosmic infrared 

background

Manzotti 2017
ApJ 846, 85



Forecasts

• High S/N measurement on the 
small scale (lensing) B-modes
• Ability to ‘delens’ and clean B-mode maps!
• 100% overlap with BICEP/Keck field

• Test ΛCDM
• Thousands of new galaxy clusters 



Example CMB Temperature Map

1500 sq deg
4 year survey ongoing

Stay tuned.


