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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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Figure 3 : Thomson scattering of radiation with a quadrupole anisotropy generates linear 
polarization [52]. Red colors (thick lines) represent hot radiation, and blue colors 
(thin lines) cold radiation. 

Characterization of the radiation field 
We digress briefly to give details of the mathematical characterization of CMB tem-

perature and polarization anisotropies. The anisotropy field is defined in terms of a 2 x 2 
intensity tensor hj(n), where n denotes the direction on the sky. The components of Uj 
are defined relative to two orthogonal basis vectors e1 and e ˆ2 perpendicular to n. Linear 
polarization is then described by the Stokes parameters Q = 1

4(h1 — I22) and U = 1
2l12, 

while the temperature anisotropy is T = 1(h1 + ^22). The polarization magnitude and 
angle are P = A/Q 2 + U2 and a = 1

2tan-1(U/Q). The quantity T is invariant under a 
rotation in the plane perpendicular to n and hence may be expanded in terms of scalar 
(spin-0) spherical harmonics 

T(h)= ^aJm Ytim(h). (36) 

The quantities Q and U, however, transform under rotation by an angle ^ as a spin-2 field 
(Q ± iU)(h) —» e 2 ^ (Q ± iU)(h). The harmonic analysis of Q ± ill therefore requires 
expansion on the sphere in terms of tensor (spin-2) spherical harmonics [54, 55, 57] 

(Q + iU)(h) = Va(±2) 
/ ,a£m 
£,m 

±2 Ytm(n)] (37) 

(±2) Instead of a\m it is convenient to introduce the linear combinations [57] 

1 / (2) (-2) 
afm = — I air^ + aim 

E u£m 
2 (a (2) 7(-2) 

ltlm (38) 

Then one can define two scalar (spin-0) fields instead of the spin-2 quantities Q and U 

E(n)= "S~\afm Y{im(n), B(h)= "S~\afm Y{im(n). (39) 
£,m £,m 
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r: tensor to scalar ratio

Neff: 
effective number of neutrino species 

Σmν
sum of neutrino mass

The Universe as a Laboratory
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The South Pole 
Telescope (SPT)
10-meter sub-mm quality 

wavelength telescope
  95, 150, 220 GHz and           

   1.6,  1.2,  1.0 arcmin resolution

2007: SPT-SZ
 960 detectors

 95,150,220 GHz

2017: SPT-3G
 ~16,000 detectors
 95,150,220 GHz
 +Polarization

2012: SPTpol
 1600 detectors

 95,150 GHz
 +Polarization
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SPTpol EE Power Spectra

Henning 2017: arXiv1707.09353v1 



Scaling Up for SPT-3G
SPTpol

• SPT uses transition-edge 
sensor bolometers

• Noise is dominated by the 
incoming photon noise

• More sensitivity requires more 
detectors

• Technological Challenges

• Detector fabrication

• Detector readout

• Cryogenics 

• Large optical elements SPT-3G

Relative Scale 
Accurate

1 m



TES Detectors

• Broad-band sinuous antenna 
coupled via microstrip and in-line 
filters to TES bolometers

• 6 separate TES islands per 
pixel  (3 bands & 2 
polarizations)

• 271 pixels fabricated 
monolithically on a  6” wafer

• Fabricated at Argonne National 
Laboratory 

• 10 wafer x 271 pixels x 6 TES           
~ 16,000 detectors

1mm

Antenna

Filters



Multiplexing Readout
LC Filters

TES Bolometers

AC Bias

SQUID Amplifier

Demodulation & 
Feedback

L

C64 C3

L

LSQUID

Rbolo Rbolo

0.25 K

4 K

Rbias

300 K

64 TESs read out on 
single pair of wires.  



Integration



SPT-3G First Light
January 30, 2017



Current Receiver Status

Detector Yield ~ 74%

Main Losses:
• Detector defects (~11%)
• Readout defects (~12%)
• Experimental Readout 

(~3%)

December 2017 receiver 
work planned to recover 
these losses.

Instrumental Sensitivity  ~ Nbolometers



Noise

• Noise is enhanced compared to expectation
• Due to subtle effect in SQUID amplifiers
• Replacement amplifiers will enable nominal performance

High saturation power (Psat) 
→ Large operating voltage bias
→ Extra noise power from   
readout
 
Detectors with optimized Psat to 
be installed.



Optical Performance
• Bands similar across all 

detector wafers
• Efficiency consistent with 

good detector efficiency 
(60-90% including lenslet)

• New AR coating of lenses will 
improve transmission in future

1mm

220
 GHz

150 GHz

95 GHz



Source Observations

RCW38

Centaurus A



SPT-3G Forecasts

• Overlap with BICEP/Keck

• High S/N measurement of gravitational 
lensing B-modes 

• constrain sum of neutrino mass 

• de-lensing of B-mode power spectrum

Lensing Forecast

Benson 2014

95 GHz 150 GHz 220 GHz

T 
(μK-arcmin) 3.6 3.3 8.5

P
 (μK-arcmin) 5.1 4.7 12

2500 square degree survey for 4 years



SPT-3G Projected Power Spectra

σ(r) 0.011

σ(Σmν) 0.061 eV

σ(Neff) 0.058

2021 Projections
Priors from Planck + BOSS

r = 0.2

BB Power Spectrum Projections

Benson 2014

EE Power Spectrum Projection

SPT-3G
SPTpol
Planck



Summary

• SPT-3G installed on the 
telescope in early 2017

• Engineering and early science 
observations underway!
• Optimizations in detectors, 

readout, and optics planned 
for installation in late 2017

• 4-year survey will map the 
polarization of the CMB with 
high-resolution

• Resulting data will be used to 
probe the neutrino sector and 
inflation


