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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: 100 d and 500 d surveys

IRAS dust-map
Schlegel et al 1998

2012-2013:  
100 sq degree 
“Deep Field’ 
Polarization Depth:
9 μK arcmin (150 GHz)
17 μK arcmin (95 GHz)

2013-2016:  
500 sq degree 
full survey 



Main Survey
150 GHz
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Figure 1.5: Graphic depicting the directional relations between Stokes Q, U , and V .

If one is capable of measuring E
1

and E
2

, E
+

and E�, or a combination thereof then one can fully

define the polarization of the incident radiation.

These basis vectors are only physically useful if one can measure incoming radiation with

respect to them. For this we can utilize the Stokes polarization parameters. These parameters are

combinations of E-field magnitudes that distinguish between di↵erent types of polarization, i.e.,

linear or circular. There are four Stokes parameters, I, Q, U , and V , where

I = |Ex|2 + |Ey|2 = |Ea|2 + |Eb|2 = |E
+

|2 + |E�|2

Q = |Ex|2 � |Ey|2 = �2Re(E⇤
aEb)

U = 2Re(ExE
⇤
y) = |Ea|2 � |Eb|2

V = 2Im(ExE
⇤
y) = |E

+

|2 � |E�|2, (1.35)

and where Ea and Eb are the E-fields in orthogonal directions ✏̂a and ✏̂b that are rotated with

respect to ✏̂x and ✏̂y by 45 �.

Figure 1.5 demonstrates the relationships between the Stokes parameters. Q and U are both

measures of linear polarization while V is a measure of circular polarization. I is simply the total

intensity of the light. The Stokes parameters are related such that

I2 > Q2 + U2 + V 2. (1.36)
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EE Power Spectrum Henning 2017 
(submission soon)

 50 <  < 10,000

150 GHz

 LCDM + Yp + Neff: SPTpol data 
reduces parameter volume by x2 

compared to Planck alone



BB Analysis

Main survey BB analysis is ongoing.

r=0.01

BICEP Dust

BB lensin
g

BB IGW

Kiesler 2015

4.3 preference 
for lensing



CMB Lensing

M. Mocanu Preliminary!

Story 2015



CMB Lensing Spectrum

M. Mocanu

Preliminary!
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De-lensing with SPTpol
23h0h

RA (J2000)

�60�

�57�

�54�

�51�

D
E
C

(
J
2
0
0
0
)
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The SPT-3G Receiver
• ~16,000 superconducting detectors
• 3 observing bands
• polarization sensitive
• Installed Jan 2017

SPTpol

SPT-3G

Relative Scale 
Accurate

1 m



SPT-3G First Light
January 30, 2017



SPT-3G Forecasts
• 2500 square degree survey for 4 years

• 2.5 μK (3.5 μK) in T (P) @150 GHz

• 4.3 μK (6 μK) in T(P) @ 95/ 220 
GHz

• 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



SPT-3G Projected Power Spectra

σ(r) 0.011

σ(Σmν) 0.061 eV

σ(Neff) 0.058

2020 Projections
Priors from Planck + BOSS

r = 0.2

BB Power Spectrum Projections

Benson 2014

EE Power Spectrum Projection

SPT-3G
SPTpol
Planck



Summary
• SPT maps the CMB with 

high-resolution
• probe the neutrino sector and 

inflation

• Measurements of E-
modes, B-modes and 
CMB lensing

• Demonstration of de-
lensing of CMB data

• SPT-3G is now in 
engineering mode, more 
soon!
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Forecast Table

Dataset Cosmological parameter constraints
�(⌦bh

2) �(⌦ch
2) �(As) �(ns) �(h) �(⌧) �(N

e↵

) �(⌃m⌫) �(r)
⇥104 ⇥103 ⇥1011 ⇥103 ⇥102 ⇥103 ⇥101 [meV] ⇥102

Planck 1.93 2.02 5.36 7.07 1.88 4.96 1.39 117 5.72
+ spt-pol 1.64 1.71 4.92 6.19 1.58 4.95 1.17 96 2.75

+ spt-3g 1.02 1.25 4.18 4.61 1.14 4.94 0.76 74 1.05

Planck +BOSS 1.34 1.21 4.01 4.54 1.21 4.92 0.74 88 5.72
+ spt-3g 0.85 0.95 3.71 3.91 0.94 4.90 0.58 61 1.05

Table 2. Expected 1 � constraints on cosmological parameters using spt-3g power spectrum and lensing reconstruction
data, assuming a 9-parameter ⇤CDM+N

e↵

+⌃m⌫+tensor model. Parameters for which adding spt-3g improves the
constraint by at least a factor of 1.5 over the Planck or Planck+BOSS constraint are marked in blue, while those for
which the constraints improve by at least a factor of 1.25 are marked in orange.

shear measurements using galaxies, both as a high-redshift complement allowing reconstruction of mass fluctua-
tions that are beyond the reach of these surveys, and as a valuable cross-check and calibration for lower redshift
structures that are measured in common.

2.2 Primordial CMB Polarization

The high signal-to-noise lensing B-mode measurement discussed in the previous section, combined with an
ultra-high-fidelity E mode measurement (see Figure 3), will allow us to reduce the lensing contribution to the
large-scale B modes in spt-3g data by a factor of 4. The raw statistical power of the proposed spt-3g survey is
such that this delensing would enable an extremely tight constraint on r (�(r)⌧ 0.01). Of course, raw sensitivity
will not be the limit to the spt-3g measurement of r. Foreground contamination is mitigated by the choice of
observing region and bands: the 2500 deg2 region chosen for the survey has di↵use dust levels within a factor of 1.5
of the best 500 deg2 of sky being targeted by spt-pol and the keck array, and foreground power can be strongly
suppressed by making linear combinations of the three observing bands. At the focal plane sensitivity level that
spt-3g is targeting, atmosphere may become an issue, even for polarization measurements and considering
the exceptionally low level of atmospheric fluctuation power at the South Pole. The spt-3g detector design,
with matched bolometers measuring orthogonal polarizations in a single pixel, should be extremely e�cient in
di↵erencing out the atmosphere. In spt-sz data, we can di↵erence neighboring detectors with no attempt at
gain matching and achieve nearly a factor of 100 in suppressing the common-mode atmospheric signal; for the
purposes of forecasting here, we make the conservative assumption that including the di↵erencing of orthogonal
polarizations in each pixel, spt-3g will achieve a factor of 200 common-mode rejection (Note, the intrinsic
polarization of the atmosphere has been limited to be less than 10�3 above the Antarctic Plateau37). Figure
3 shows the projected EE and BB constraints using these assumptions about noise, foregrounds, atmosphere,
and delensing as well as conservative assumptions for bolometer/readout 1/f noise and realistic E-B separation
appropriate for a Monte-Carlo “pseudo-C`” analysis pipeline. These BB error bars would result in a constraint
on the tensor-to-scalar ratio of �(r) = 0.010, or a 95%-confidence upper limit of r < 0.021 for no detection.

In addition to the high level of foreground and atmospheric mitigation, and the systematic advantages of
a large telescope aperture, the spt-3g design addresses other potential sources of systematic error that could
limit the constraint on r. Concerns about large-scale ground contamination are addressed by a carefully modeled
and constructed shielding system. The polar location of the telescope and the default raster scanning strategy
present no barriers to low-` sensitivity, as demonstrated theoretically38 and in practice.32,39 In addition, the
spt-3g survey data would contribute significantly to the measurement of r through synergy with the keck array
data. Delensing by a factor of 4 using spt-3g data would allow the keck team to use data in an ` range where
it would normally be dominated by the lensing signal, potentially significantly improving the constraint on r and
the shape of the tensor spectrum. This is only possible for datasets that observe the same part of the sky, so
spt-3g is in a unique position to deliver this improvement for keck.

Finally, the extremely high-fidelity measurement of the E-mode polarization of the CMB will yield scientific
bounty beyond just the delensing of the primordial B modes. Measurements of the E-mode damping tail are
expected to become foreground-limited at much higher ` than the temperature damping tail, because of the
expected low polarization of dusty point sources.41 This allows a low-noise, high-resolution experiment such as


