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The SPT Collaboration
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Why the South Pole?

South Pole Research Station,  
Antarctica

~10,000ft, ~0.25mm PWV
6 months of cold, stable sky with 

uninterrupted integration
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DASI (1999-2003)
QUAD (2004-2007)
KECK (2011-2016)

ACBAR (2001-2005)

BICEP (2006-2008)
BICEP2 (2010-2012)
BICEP3 (2015-?)

SPT (2007-2011)
SPTpol (2012-2015)
SPT3G (2016-?)

Completed
Operating or Proposed

South Pole CMB experiments
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BICEP3 
(2015-)
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SPTpol
1.6k detectors, pol
2012-2015

SPT-3G
15k detectors, pol
2016-?

SPT-SZ
0.9k detectors
2007-2011

~1 arcminute
resolution at 
95, 150, 220 GHz
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Intensity

Planck’s all sky CMB  
temperature map  

scale ±500 µK 

Large scales

12 COSMIC MICROWAVE BACKGROUND 196

Figure 8: Randomly generated skies containing only a single multipole ℓ. Staring from top
left: ℓ = 1 (dipole only), 2 (quadrupole only), 3 (octopole only), 4, 5, 6, 7, 8, 9, 10, 11, 12.
Figure by Ville Heikkilä.

Figure 9: The rough correspondence between multipoles ℓ and angles.

12 COSMIC MICROWAVE BACKGROUND 196

Figure 8: Randomly generated skies containing only a single multipole ℓ. Staring from top
left: ℓ = 1 (dipole only), 2 (quadrupole only), 3 (octopole only), 4, 5, 6, 7, 8, 9, 10, 11, 12.
Figure by Ville Heikkilä.

Figure 9: The rough correspondence between multipoles ℓ and angles.

Small scales

Understanding CMB Polarization angular power
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Intensity

Polarization

BICEP2’s CMB polarization map

filtered l=50-120

Large scales

12 COSMIC MICROWAVE BACKGROUND 196

Figure 8: Randomly generated skies containing only a single multipole ℓ. Staring from top
left: ℓ = 1 (dipole only), 2 (quadrupole only), 3 (octopole only), 4, 5, 6, 7, 8, 9, 10, 11, 12.
Figure by Ville Heikkilä.

Figure 9: The rough correspondence between multipoles ℓ and angles.

12 COSMIC MICROWAVE BACKGROUND 196

Figure 8: Randomly generated skies containing only a single multipole ℓ. Staring from top
left: ℓ = 1 (dipole only), 2 (quadrupole only), 3 (octopole only), 4, 5, 6, 7, 8, 9, 10, 11, 12.
Figure by Ville Heikkilä.

Figure 9: The rough correspondence between multipoles ℓ and angles.

Small scales

Understanding CMB Polarization angular power
Planck’s all sky CMB  

temperature map  
scale ±500 µK 
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BICEP2’s CMB polarization map

Stokes Q Stokes U

Polarization

Understanding CMB Polarization angular power
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...clever choice for cosmology: E&B-modes

E-mode B-mode

E-mode

B-mode

Polarization

BICEP2’s CMB polarization map

Understanding CMB Polarization angular power
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E-mode

Primordial B-mode
lensing B-mode

In standard ΛCDM only E-modes are 
present at last scattering

Lensing by 
intervening 
structure 
converts some to 
B-modes

Inflationary gravity waves produce B-
modes peaking at l≈100 : degree scales.
Measure tensor-to-scalar ratio, r

Foregrounds

Foregrounds also generate polarized 
emission. Can be teased apart from 
different spectral dependence cf CMB

Understanding CMB Polarization angular power

Enables reconstruction of a map of all matter 
between us and recombination.  Measures 
neutrino properties!
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BICEP2+Keck through 2013 (150 GHz)

13

Observation at 150 GHz focused on ~400 
deg2 patch = 1% of the sky

BICEP2 + Keck thru 2013 → Final map 
depth: 3.4 μK arcmin / 57 nK deg  

(RMS noise in sq-deg pixels)

Deepest map of the CMB polarization 

BB power spectrum shows excess 
over lensed ΛCDM at degree scales.  
To investigate this, we do a joint 

analysis w/ Planck, which has 
frequency bands w/ sensitivity to 

dust

l
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Galactic dust 
emission strong 
at high 
frequencies

Galactic 
synchrotron 
emission strong 
at low 
frequencies

CMB most 
uncontaminated 
at mid 
frequencies and 
high latitude

Spectral dependence of CMB & contaminants

Planck
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Planck 353 GHz

• Planck is the third generation space 
mission to observe the CMB: observes the 
full sky in multiple frequency bands.

• Full sky measurement, but in any given sky 
patch much less deep than BICEP2+Keck

• 353 GHz band is very sensitive to 
polarized dust emission

15

Planck 353GHz maps in BICEP2+Keck sky region with 
full simulation of observation and filtering applied plus 
apodization

Q

U
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• Correlation of 150 GHz and 353 GHz B-modes is detected with high 
signal-to-noise.

• Scaling the cross-frequency spectrum by the expected brightness 
ratio (x25) of dust (right y-axis) indicates that dust contribution is 
comparable in magnitude to BICEP2+Keck excess over ΛCDM.

16

BB Spectra
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Multi-component multi-spectral likelihood analysis

17

• Use single- and cross-frequency spectra 
between BK 150 GHz and Planck 217 & 
353 GHz channels. 

• Vary r and amplitude of dust,  Ad

• Dust is detected with 5.1 σ significance

• r likelihood peaks at 0.05 but constraint 
consistent with zero; r < 0.12 (95% CL)
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Comparison of signal levels and noise uncertainties

• The BICEP2+Keck noise is lower than the Planck noise in observed patch

• The noise in the cross spectra is the geometric mean providing high sensitivity to dust 
for 150x353. Thus a tight constraint can be set on dust amplitude.

• Noise in P353 is the limiting factor and to make further progress; better data at 
frequencies other than 150 GHz is required

18

Noise uncertainty and 
signal levels in single 
ell=80 bandpower
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Detectors Designed to Scale in Frequency

Keck now observing at 
multiple frequencies

• Changed 2 focal planes to 
95 GHz in 2014

• Changed 2 focal planes to 
220 GHz in 2015

19

95	
  GHz

150	
  GHz

220	
  GHz

95	
  GHz

220	
  GHz

150	
  GHz

Keck 2014, 2015 multi-frequency upgrades

New in 2014: Keck Array Upgraded to 100 GHz

• 2 Receivers now at 100 GHz 

• Frequency coverage: important for immediate 
feedback on color
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Scale to a super-receiver w/ 10x throughput

20

*comparisons at 95 GHz

BICEP3 has 10x throughput of BICEP2/Keck

B2/Keck BICEP3
Aperture 
aperture

260mm 680mm
Optics f/2.4 f/1.6
FOV 18 deg 28 deg

Beams 0.7 deg 0.35 deg
Dets 288 2560
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January 2015: Installed in BICEP mount

21

Replaces BICEP2 in Dark Sector Lab at South Pole
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First light: See CMB T anisotropies in 6 hours!

22

BICEP3 first six hours of test CMB scans, 
 no filtering, approximate noise weighting and calibration 
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First light: Compare with WMAP 9 yr

23

WMAP 9yr T anisotropies as seen in BICEP field
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Likelihood forecast for BKP through 2015

24

Data Included:
● BK150 GHz (through 2013)
● Planck 30 - 353 GHz
● BK 95 GHz, 220 GHz (through 2015) 

Contours are projected likelihood contours centered 
on different expectation values:
  r = 0.05, Ad = 3.3 μK2

CMB (BKP ML point)

  r = 0,      Ad = 3.8 μK2
CMB

Both cases here assume synchrotron contribution, 
βs=-3.3 and Async = 3e-4 μK2

CMB (current BKP 95% 

upper limit).

Foregrounds only PTE = 0.6%    
— or —
 r < 0.041 (95%)   
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BKP through 2013

25

Data Included:
● BK150 GHz (through 2013)
● Planck 217 and 353 GHz

  

Likelihood results from a basic lensed-ΛCDM+r
+dust model, fitting the 5 lowest bandpowers of the 
BB auto- and cross-spectra taken between maps at 
the above frequencies.

The Maximum likelihood on the grid has:
  r = 0.05, Ad = 3.3 μK2

CMB (BKP ML point)

For dust SED use modified blackbody model and 
marginalize over range βd=1.59±0.11

We assume no synchrotron contribution here.

Foregrounds only PTE = 8.0%   
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Lensing the Polarization of 
the CMB

ESA
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Gravitational Lensing of CMB

Unobservable “true” T, Q, or U

Observed T, Q, or U Projected Lensing Potential

Hu & Okamoto 2002
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Duncan Hanson



Bicep2, Keck Array and Planck Collaboration

Duncan Hanson
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SPTpol 1elds: Deep & Survey

Deep Field

First year, 
100 deg² 

Survey Field

Three years, 
500 deg²

Same as BICEP

SPT-SZ

Entire survey, 
2500 deg² 

IRAS from Schlegel et al. 1998
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Hanson, et al., 2013 
arXiv: 1307.5830
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First Lensed B-mode detection

Hanson et al. arXiv:1307.5830

7.7σ
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SPTpol 100 deg² B Modes

Kiesler et. al. arXiv:1503.02315

(4x smaller scale)
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SPTPol BB Power spectrum

34

Keisler et al (2015)

16

TABLE 1
BB bandpowers, `centerC

`

[10�3µK2]

95⇥ 95 95⇥ 150 150⇥ 150 Combined
`center ` range `C

`

�(`C
`

) `C
`

�(`C
`

) `C
`

�(`C
`

) `C
`

�(`C
`

)
500 300-700 3.4 1.4 0.88 0.55 0.57 0.33 0.76 0.28
900 700-1100 2.9 1.1 1.18 0.50 0.51 0.32 0.82 0.26
1300 1100-1500 0.4 1.3 0.27 0.50 1.07 0.37 0.77 0.29
1700 1500-1900 0.2 1.5 -0.23 0.55 0.16 0.38 0.04 0.30
2100 1900-2300 -1.7 1.6 -0.59 0.61 -0.29 0.47 -0.47 0.36

BB bandpowers and uncertainties measured in this work. The last two columns give results for the inverse-variance-weighted combination
of the three sets of bandpowers.

Fig. 4.— BB power spectrum measurements from SPTpol (this work), ACTpol (Naess et al. 2014), BICEP2/Keck (Keck Array and
BICEP2 Collaborations et al. 2015), and POLARBEAR (POLARBEAR Collaboration 2014a). The highest multipole bin of the ACTpol
data is not shown. The solid gray line shows the expected lensed BB spectrum from the Planck+lensing+WP+highL best-fit model in
Table 5 of Planck Collaboration XVI (2014). The dotted line shows the nominal 150 GHz BB power spectrum of Galactic dust emission
used in this work. This model is derived from an analysis of polarized dust emission in the BICEP2/Keck field using Planck data (Planck
Collaboration et al. 2014). The dash-dotted line shows the sum of the lensed BB power and dust BB power.
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Lensing Potential Reconstruction

35

Estimate of Lensing Potential

The estimated lensing potential is a weighted average 
of a product of T, E, or B modes

Hu & Okamoto 2002

T, E, or B
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Lensing Convergence Map Reconstruction

36

10

Fig. 2.— Lensing  maps reconstructed from the SPTpol 100 deg2 deep-field data, smoothed with a 1-degree Gaussian beam. The
colorbar on the far right shows the color scale, which has been fixed for all  maps in Figures 2 and 3. Left: The -map for our MV lensing
estimator, which combines all temperature and polarization information. Right: Individual  estimates from the TT, EB, TE, and EE
estimators, with the same color scale.

Fig. 3.— Example simulated -maps, plotted with the same color scale as Figure 2. Left: a simulated input -map. Middle: the
reconstructed -map estimated from a noisy simulation that has been lensed using the potential shown in the left panel. Right: the
reconstructed -map estimated from an unlensed simulation. Comparing the reconstructed lensed -map to the input map gives a visual
sense of the fidelity of this reconstruction, and comparing to the unlensed -map gives a sense of the signal-to-noise in the MV -map.

Foreground emission from extra-galactic sources and
galactic dust contributes both Gaussian power and non-
Gaussian signal to CMB observations which, if not ac-
counted for, will bias lensing reconstruction measure-
ments. The Gaussian power component contributes to
the N0 bias, which we subtract using the simulations de-
scribed in Section 4 and procedure described in Section
3.3.
The non-Gaussian mode-coupling from foreground

emission has been studied in detail in (van Engelen
et al. 2014a, hereafter V14), and Osborne et al. (2014).
The work in V14 is particularly relevant to our analy-
sis. They studied a comprehensive list of potential bi-
ases to the temperature lensing reconstruction that arise
from foregrounds; they considered Poisson-distributed
galaxies, CIB emission from clustered galaxies, tSZ sig-

nal from galaxy clusters, galaxy-lensing correlations, and
tSZ-lensing correlations. For the point-source and clus-
ter masking thresholds used in our analysis, the bias to
the lensing spectrum never exceeds a few percent. van
Engelen et al. (2012) also tested di↵use Galactic cirrus
emission and found that the bias was less than 2% in all
L-bins.
The contribution to the N0 bias from polarized fore-

grounds is negligible at the sensitivity level of this anal-
ysis since the polarized power from point sources is too
low to be detected significantly in the EE and TE polar-
ization spectra in C14, even with the significantly higher
flux cut of 50 mJy in that work. The non-Gaussian signa-
ture of polarized foregrounds is expected to be negligible
as well: the polarization fraction of foreground emission
is expected to be lower than the polarization fraction

All smoothed with ~1deg Gaussian to show only S/N>1 modes

Story et al
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SPTpol Lensing Power Spectrum

37

13

Fig. 5.— Lensing potential power spectrum bandpowers estimated from SPTpol. The MV and POL spectra are shown with red circles
and black squares, respectively. The black solid line shows the Planck+Lens+WP+highL best-fit ⇤CDM model. Note the POL points
have been shifted by 1/4 of a bin in L for plotting purposes.

trum and amplitude are the MV results we report in Sec-
tion 6). The di↵erence-spectrum �C��

b and di↵erence-
amplitude �AMV are the shifts induced in the spectrum
and the amplitude, respectively, by the systematic under
consideration; they can be expressed as

�C��
b =C��

b, sys � C��
b (30)

�AMV=AMV,sys �AMV . (31)

The di↵erence-spectra and di↵erence-amplitudes are cal-
culated for the data as well as for each simulation.
For each test, we use two metrics to determine if

the data pass the test; these metrics are shown in Ta-
ble 3. The first metric considers shifts in the lensing
spectrum. We calculate the �2 of the data di↵erence-
spectrum (�C��

b, data) using the variance of the simulation
di↵erence-spectra (�b,sys) as the uncertainty. This can be
expressed as

�2
sys =

X

b

(�C��
b, data)

2

�2
b, sys

. (32)

The probability-to-exceed (PTE) of this �2 is calculated
from a �2 distribution with 10 degrees of freedom (cor-
responding to the 10 bins in our spectrum).
The second metric considers the change in the lens-

ing amplitude. We calculate the lensing di↵erence-
amplitudes (�AMV) as defined in Equation 30 for
the data and for each simulation. We then calcu-
late the variance of the simulation di↵erence-amplitudes
(var(�AMV,sim)); this variance estimates the expected

magnitude of the change in the lensing amplitude.
Specifically, we expect the magnitude of the lensing
di↵erence-amplitude in the data to be less than or equal
to

p
var(�AMV,sim) in ⇠ 68% of similar measurements.

Finally, we calculate the PTE of the data di↵erence-
amplitude directly from the simulations as the percent-
age of simulations that have a di↵erence-amplitude with
a larger magnitude than �AMV for the data. The data
di↵erence-amplitude, variance of simulated di↵erence-
amplitudes, and PTE’s for each test are shown in Table
3.
The individual tests are described in detail below, and

the results are reported in Table 3 and Figure 7.

1. `xmin`xmin`xmin cut: As described in Section 2, we cut all
modes with |`x| < 450 from the CMB maps. In this
test, we adjust that cut from |`x| < 450 to 400 and
500. When more `-space is removed by increasing
the |`x| cut to 500, the change in the lensing spec-
trum and amplitude are consistent with expecta-
tions from simulations. On the other hand, includ-
ing the region between 400 < |`x| < 450 causes an
unexpectedly large shift (> 2�) in the lensing am-
plitude, thus motivating the placement of this cut.
Even in this case, however, the change in the am-
plitude is only 0.4� with respect to the statistical
uncertainty on the lensing spectrum amplitude.

2. `max`max`max cut: We adjust the maximum value of `
from CMB maps that is used in the estimator from
` < 3000 to 2500 and 3500. This corresponds to
adjusting the upper bound of the integral in Equa-

Story et al (2014)

SPTpol Lensing Power Spectrum

         rejection of no lensing

Why higher than before? We use off-diagonal elements.

Story et. al. arXiv:1412.4760

rejection of no lensing
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SPTpol 1elds: Deep & Survey

Deep Field

First year, 
100 deg² 

Survey Field

Three years, 
500 deg²

Same as BICEP

SPT-SZ

Entire survey, 
2500 deg² 

IRAS from Schlegel et al. 1998
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Lyot 
stopAlumina

lenses 

Prime
focus

Ellipsoidal
secondary 

Flat
tertiary 

Gregorian
focus

Image 
plane

1 meter

SPT-3G Cryostat: Optics Cutaway v4

Window shifted 
up ~1”; gained 
~0.25” of 
clearance on 
top, ~1” on left

4 K cylinder broken 
into three parts
  (baffle rings will be here now)

50 K cylinder broken 
into two parts 

Monday, August 4, 14

39

430 mm

10m South Pole Telescope (SPT)

• Next gen upgrade, SPT-3G (2017)
• New secondary mirror and receiver
• 2700 multi-color camera pixels 

SPT-3G
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•  Expected ~150-𝝈 detection of CMB Lensing 

•  20 meV neutrino mass -> 1% shift in lensing 
spectrum

40

EE-Spectrum BB-Spectrum

SPTpol
SPT-3G
 (delens)

Planck
SPTpol
SPT-3G

r=0.2

SPT-3G projections

Projections 
(w/ Planck priors)


* Includes BOSS prior

SPT-3G
(2019)

𝝈(Neff) 0.058
𝝈(𝚺m𝝂) 0.061 eV*
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Conclusions

• South Pole one of best site for CMB polarimetry from ground
• Joint analysis of BICEP/Keck+Planck data finds dust at high 

significance; limit on tensor-to-scalar ratio
• Progress requires multi-frequency observation. Implemented in 

Keck Array and BICEP3
• SPTpol detects gravitational lensing of CMB — BB power, also 

demonstrated reconstruction of lensing potential with high S/N
• SPTpol 500 sq. deg survey has 3 years of data in pipeline.
• SPT-3G will tighten neutrino parameter space, and will help 

delens inflationary searches

41
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Thanks for your attention!


