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Excellent site

1 arcmin resolution

1 deg2 FOV

The South Pole Telescope:

photo by Dana Hrubes

a mm-wave observatory



The South Pole Site

• Dry air for optimal 
atmospheric transmission

• Stable environment

P
re

ci
p

it
ab

le
 W

at
er

 V
ap

o
r 

(m
m

 o
f 

w
at

er
)

0

2

1

3

4

5

6

4/95-9/95    10/95-3/96  4/95-9/95   10/95-3/96  Jan-June     July-Dec

South Pole                     Atacama                       Mauna Kea 

25%

50%

75%

0
.1

9

0
.2

5

0
.3

2

0
.3

4

0
.4

7 0
.6

7

0
.6

8 1
.0

0

1
.6

0

1
.1

0

2
.0

0

3
.7

0

1
.0

5

1
.6

5

3
.1

5

1
.7

3

2
.9

8

5
.8

8

From radiosonde Computed from measured 225 GHz opacity

!"#$%&'%"'(%)*(+,

-)+&.(%/&0%/1

!"#$#%&'()%*++,-

2""0&+3/&%(045(+&$)6"+'7(%*5&#"$0*89&$80&$##":+&;*9&57"'1

-)+&5"#0<

=.(%$9(&)(6'&*8&:*8)(%&>&?@AB1



Small angular resolution

• 10-m dish at 150 GHz gives ~1 
arcmin beam (PSF)

• ~260 panels aligned to 25 μm 
rms over 10-m surface gives 
95% efficiency at 220 GHz



• FOV ~ 1 deg2 ... large focal plane = lots of detectors

• 2500 deg2 survey at 1,2, & 3 mm; now complete

High sensitivity and large throughput



Recent highlights
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Fig. 2.— The WMAP7 and SPT bandpowers. The SPT bandpowers at ! ! 2000 are taken from K11 and are at 150GHz only. At
! " 2000, we show the bandpowers at 95, 150, and 220GHz measured with the SPT in this work. Below ! = 2000, the primary CMB
anisotropy is dominant at all frequencies. On smaller scales, the CIB, radio sources, and secondary CMB anisotropies contribute to the
signal. With the SPT source masking, the CIB is the largest source of power on sub-arcminute scales at 150 and 220GHz. Due to the
relative spectral behavior of the CIB and synchrotron emission, the 95GHz bandpowers also have a significant contribution from radio
sources.

change in the CMB blackbody temperature, except for
tiny relativistic corrections.
KSZ temperature anisotropy requires perturbations in

the free electron density. This can be due to local pertur-
bations in the baryon density, !b = "b/"̄b ! 1 (where "̄b
is the mean baryon density in the universe), or ionization
fraction, !x = xe/x̄e ! 1. Perturbations that are corre-
lated with the large scale velocity field will produce an
observable change in temperature of the CMB blackbody.
The total contribution to the temperature anisotropy is
given by the integral over conformal time,

!TkSZ

TCMB
(n̂) = #Tne,0

!
d$[a!2e!!(")x̄e($)]n̂ · q , (11)

where #T is Thomson scattering cross-section, a is the
scale factor, %($) is the optical depth from the observer
to conformal time $, n̄e,0 is the mean electron density of
the universe at the present day, and n̂ is the line of sight
unit vector. Finally,

q = (1 + !x)(1 + !b)v , (12)

where v represents the peculiar velocity of free electrons
at $.
The kSZ power spectrum can be broken down loosely

into two components. The first is the kSZ signal from
the post-reionization epoch, z < zend, where we de-
fine zend as the redshift at which hydrogen reionization
is complete. The second component comes from the
epoch of reionization itself. Models of inhomogeneous
(or patchy) reionization predict bubbles of free electrons

around UV-emitting sources embedded in an otherwise
neutral medium. Any large-scale bulk velocity of these
bubbles will impart a temperature anisotropy onto the
CMB. The kSZ signal from reionization is thus sensitive
to fluctuations in both the gas density and ionization
fraction. Note that in the case of instantaneous reion-
ization, the post-reionization signal is the only source of
kSZ power.
We henceforth refer to the post-reionization compo-

nent as the ‘homogeneous kSZ’ signal, and that from the
reionization epoch as the ‘patchy kSZ’ signal. We now
discuss our modeling of each in more detail.

5.3.1. Homogeneous Kinetic Sunyaev-Zel’dovich Anisotropy

For the homogeneous (or post-reionization) kSZ sig-
nal, we adopt the non-radiative (NR) and cooling plus
star-formation (CSF) models presented by Shaw et al.
(2011). These models are constructed by calibrating an
analytic model for the homogeneous kSZ power spectrum
with two hydrodynamical simulations. The first simula-
tion was run in the non-radiative regime, while the sec-
ond included metallicity-dependent radiative cooling and
star-formation. Shaw et al. (2011) measured the power
spectrum of gas density fluctuations in both simulations
over a range of redshifts, and used this to calculate the
kSZ power spectrum for each case. They argue that these
two cases are likely to bracket the true homogeneous kSZ
power. For our fiducial cosmology (detailed in §5.2) at
& = 3000, the NR template predicts 2.4 µK2, whereas the
CSF simulation predicts 1.6 µK2. The scaling of these

C. Reichardt et al. arXiv:1111.0932
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the free electron density. This can be due to local pertur-
bations in the baryon density, !b = "b/"̄b ! 1 (where "̄b
is the mean baryon density in the universe), or ionization
fraction, !x = xe/x̄e ! 1. Perturbations that are corre-
lated with the large scale velocity field will produce an
observable change in temperature of the CMB blackbody.
The total contribution to the temperature anisotropy is
given by the integral over conformal time,
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where #T is Thomson scattering cross-section, a is the
scale factor, %($) is the optical depth from the observer
to conformal time $, n̄e,0 is the mean electron density of
the universe at the present day, and n̂ is the line of sight
unit vector. Finally,

q = (1 + !x)(1 + !b)v , (12)

where v represents the peculiar velocity of free electrons
at $.
The kSZ power spectrum can be broken down loosely

into two components. The first is the kSZ signal from
the post-reionization epoch, z < zend, where we de-
fine zend as the redshift at which hydrogen reionization
is complete. The second component comes from the
epoch of reionization itself. Models of inhomogeneous
(or patchy) reionization predict bubbles of free electrons

around UV-emitting sources embedded in an otherwise
neutral medium. Any large-scale bulk velocity of these
bubbles will impart a temperature anisotropy onto the
CMB. The kSZ signal from reionization is thus sensitive
to fluctuations in both the gas density and ionization
fraction. Note that in the case of instantaneous reion-
ization, the post-reionization signal is the only source of
kSZ power.
We henceforth refer to the post-reionization compo-

nent as the ‘homogeneous kSZ’ signal, and that from the
reionization epoch as the ‘patchy kSZ’ signal. We now
discuss our modeling of each in more detail.

5.3.1. Homogeneous Kinetic Sunyaev-Zel’dovich Anisotropy

For the homogeneous (or post-reionization) kSZ sig-
nal, we adopt the non-radiative (NR) and cooling plus
star-formation (CSF) models presented by Shaw et al.
(2011). These models are constructed by calibrating an
analytic model for the homogeneous kSZ power spectrum
with two hydrodynamical simulations. The first simula-
tion was run in the non-radiative regime, while the sec-
ond included metallicity-dependent radiative cooling and
star-formation. Shaw et al. (2011) measured the power
spectrum of gas density fluctuations in both simulations
over a range of redshifts, and used this to calculate the
kSZ power spectrum for each case. They argue that these
two cases are likely to bracket the true homogeneous kSZ
power. For our fiducial cosmology (detailed in §5.2) at
& = 3000, the NR template predicts 2.4 µK2, whereas the
CSF simulation predicts 1.6 µK2. The scaling of these
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tSZ unresolved 
clusters

low-el sensitivity 

C. Reichardt et al. arXiv:1111.0932



CMB+foregrounds
CMB

Recent highlights

• Clear measurement of gravitational lensing of CMB 
temperature anisotropies

• High S/N allows reconstruction of the spectrum of 
the deflection field
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CMB lensing cartoon



Lensing B-modes

• Lensing distorts CMB. Pure E gets mixed to some B

BBlensing

lensing of EE to BB

BBIGW

TT

EE



SPTpol: goals

• Cluster science from ultra-deep multi-band 
observations of 600 deg2 



SPTpol: technical challenges

• Optics

• Sensitivity

• Calibration
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Optics: small beams mitigate T -> P leakage

• cross polarization systematics appear as undesired 
beam patterns on the sky

• large primary places these effects at the sub-arcmin 
scale (no CMB power)

l = 3000 l = 3000l = 3000

(l) (l) (l) 

(l) 

Figure 2: Effects of temperature to polarization (T ! P ) leakage for the SPT beam size (1!) and the requirements for
leakage suppression. Left: Beam shapes for monopole, dipole, and quadrupole T ! P leakage and the corresponding
azimuthally averaged window functions, which give the T ! P leakage as a function of multipole moment !. Note the
dipole and quadrupole leakage are highly suppressed by the small SPT beam size where the B-modes peak below ! = 3000.
Monopole leakage is accounted for with careful relative calibration, see Sec. b.3.3. Right: Simulations of the CMB auto-
correlation power spectra (Temperature, E-mode, and B-mode) and the leakage power spectra due to monopole (blue), dipole
(green), and quadrupole (red) leakage when suppressed by"30 dB,"17 dB, and"7 dB respectively, which keep the T ! P
leakage at least "10 dB below the B-mode signal.

b.3.2 Simple, Well-shielded Optical Design The SPT telescope is a very simple design consisting
of just two mirrors and one low-power lens. This simple design minimizes spurious polarization generation
and distortion. The design obeys the Dragone condition giving zero polarization rotation (crosspol) at the
center of the field. The two mirrors and lens give 0.03% T ! P leakage, which can be accounted for with
proper calibration (Sec. b.3.3), and optics thermal stability (which is aided enormously by the lack of diurnal
variation in the South Pole thermal environment). The telescope is also designed to give high rejection of
any emission outside the main beam, achieved with a combination of an off-axis telescope, cold Lyot stop,
and integral co-moving shield.

b.3.3 SPT-POL Calibration Precision measurements of faint polarized sources require special at-
tention to calibration and beam characterization. Absolute gain calibration for SPT-POL will be obtained by
comparing SPT CMB temperature anisotropy maps to those produced by WMAP. For sky coverage larger
than 500 deg2, it should be possible to achieve a 1-2% cross-calibration; ultimately this will be improved
with higher-sensitivity and higher-resolution maps from PLANCK. As is being done for SPT-SZE, gain stabil-
ity will be monitored by periodically activating a chopped IR source viewed through a small hole in the cold
secondary, with regularly scheduled elevation “nods” of the telescope that monitor the calibration across the
array by observing the zenith-angle dependent atmospheric loading, and with several observations of galac-
tic sources each day. The response patterns of each detector will be mapped using planets as unpolarized
(when unresolved) sources to calibrate the effects of T ! P leakage in differenced detector pairs.

Absolute orientation angle of the detectors’ polarization response must be calibrated to better than 0.5!

to detect an r = 0.01 B-mode signal in the presence of the E-modes. The Moon is the only well-understood,
bright and stable polarized source in the SPT-POL bands, but will saturate the detectors. We will therefore
populate the focal plane with a small number of “high-G” bolometers that will not saturate during lunar cal-
ibration; this calibration will be transferred to the rest of the focal plane by observations of bright polarized
sources whose absolute polarization pattern is not known but will give high signal-to-noise measurements
of the relative polarization angle between pixels.

b.4 Serendipitous Science in the SPT-POL Dataset
In addition to the main science goal of measuring the polarization anisotropy of the CMB, the SPT-POL

dataset will contain a wealth of cosmological and astronomical information not directly related to this goal.
The SPT-POL receiver will also be sensitive to pure intensity fluctuations, meaning that the 625 deg2 SPT-
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Optics: baffling eliminates undesired coupling



SPTpol: technical challenges

• Optics

• Sensitivity

• Calibration



Bolometer basics

• thermal measurement of 
power, not single photons

• fundamental noise
- background photons

- thermal fluctuations

• Non-zero photon load sets 
a lower limit  to the noise

• Background limited means 
sensitivity can only be 
improved by more 
detectors
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Background limited noise and arrays

• Need lots of detectors and...

• Detectors must have background limited performance

The Future 

Plot from J. Zmuidzinas 

‘Moore’s Law’ for Sensitivity and Mapping Speed

BLIP – CMB Ground

BLIP – CMB Space
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SPTpol detectors at 90 GHz



SPTpol detectors at 150 GHz



SPTpol detectors at 150 GHz

Superconducting Orthomode Transducer (OMT) 
separates two linear polarizations onto 
superconducting microstrip



SPTpol 150 GHz
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SPTpol focal plane



First light!



First light!



SPTpol: technical challenges

• Optics

• Sensitivity

• Calibration



Angle Calibration



Angle Calibration



Angle calibration

4 km away



The commute out



View of SPT from the source



Looking “North” away from SPT



Looking at yourself



Large/small collaborative effort

• ~50 scientists
Chicago
Berkeley
Case Western
McGill
Boulder
Harvard
Caltech

Munich
Michigan
Arizona
NIST
ANL
...



Grand Challenge: austral winter 2012



Summary and outlook

• Successful SPTpol 
deployment

• ~750 polarization 
sensitive pixels at 2 & 3 
mm

• Initial performance looks 
good

• 3 seasons observation 
of 600 deg2


