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South Pole 
Telescope

10 m mm-wave (3 different 
wavelengths) telescope 
at the south pole

•extremely dry
•very stable
•good support

photo by Keith Vanderlinde

photo by Dana Hrubes

Chicago   Colorado  
UC Berkeley  Case Western

McGill      Harvard  
UC Davis   Munich  +++
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South Pole Telescope

Season bands [GHz] area 
[deg2]

150 GHz Depth
[µK-arcmin]

2007 90+150 40 80

2008 150+220 180 18

2009 90+150+220 565 18

2010 90+150+220 >500 18

2011 90+150+220 >500 18

Total 90+150+220 2500 18

10m telescope

~1000 detectors 
90, 150, 220 GHz

~1’ resolution
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slide by T. Crawford

The Survey

• So far have mapped  
~1400 square 
degrees to survey 
depth (18 uK at 150 
GHz)

• Full survey will be 
~2500 square 
degrees. 
(concentrate on 
higher-latitude / 
more-negative-dec 
regions)
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18 uK sensitivity at observing wavelength of 2 mm
roughly same resolution as your eye
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SPT Science

• Galaxy Clusters

• Studies of individual clusters

• Finding new clusters to track cosmic growth

• Dusty galaxies  Vieira; Hall

• mm-wave studies of the cosmic infrared background

• new population of strongly lensed high-z star forming galaxies

• CMB measurements       Keisler, Shirokoff, Lueker

• Weak lensing of the CMB    van Engelen 

Plagge

Vanderlinde
Williamson
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Thermal Sunyaev-Zel’dovich 
Effect

CMB Hot 
electrons

CMB+
ν

I

Optical depth:   τ ~ 0.01

Fractional energy gain per scatter: ~ 0.01
Typical cluster signal: ~500 uK
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Image by Will High in recent paper by Williamson et al

One of the heaviest objects in the universe
>1015 solar masses

Fig. 16.— SPT-CL J0438-5419, also known as ACT-CL J0438-5419, at zrs = 0.45. Blanco/MOSAIC-II irg images are shown in the

optical/infrared panel.

Fig. 17.— SPT-CL J0549-6204 at zrs = 0.32. Blanco/MOSAIC-II irg images are shown in the optical/infrared panel.

patch of 
isolated 

cosmic fog
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SPT Cluster Images
0658-5556 (z=0.30)
(Bullet)

2344-4243 (z=0.62)

2106-5844 (z=1.13)2337-5942 (z=0.78)

SZ

IR-Optical

12’ 6’

Williamson et al 2011, arXiv:1101.1290 slide from Brad Benson
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SPT Cluster Sample Properties

• Optically confirmed ~300 clusters,  ~80% newly discovered

• High redshift: <z> = 0.55 and ~20-25% of clusters at z > 0.8

• Optical measurements also confirm ~95% purity at S/N = 5
• Mass threshold flat/falling w/ redshift: M500(z=0.6) > ~3x1014 Msol/h70

Redshift Histogram SZ Mass vs Redshift

slide from Brad Benson
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Non-Gaussianity and 
structure formation

• large non-
Gaussianity in initial 
conditions visible in 
large scale structure

• CMB (e.g., WMAP) 
probes larger scales 
than most large 
scale structure 
studies

3

peak height, and hence no change in the abundance of
massive halos. However, ! and " are correlated, imply-
ing that rare peaks are systematically raised or lowered,
depending upon the sign of fNL. Therefore, we expect
changes in the mass function and the correlation func-
tion.

In the appendix, we derive expressions for the abun-
dance and clustering of regions above a given threshold,
which then give the clustering and mass function of halos
in the Press-Schechter model. However, we can derive the
form of the halo correlation function using a very simple
argument. The halo correlation function is usually pa-
rameterized in terms of the halo bias b, which is the rate
of change of the halo abundance as the background den-
sity is varied. Writing the matter overdensity as ! and
the halo overdensity as !h, we can define the halo bias as

!h = b !. (6)

It is normally assumed that b ! const on large scales,
but we will not make this assumption here. Consider a
long-wavelength mode, providing a background density
perturbation ! and corresponding potential fluctuation
". In the absence on nongaussianity, this perturbation
raises subthreshold peaks above threshold, and thereby
enhances the abundance of super-threshold peaks by bL!,
where bL is the usual (Gaussian) Lagrangian bias. For
nonzero fNL, the long-wavelength mode also enhances the
peak height by 2fNL"p!pk, and we will focus on peaks
near threshold, such that !pk " !c. This provides an
additional enhancement factor, giving a total

!h = bL(! + 2fNL"p!c). (7)

In Fourier space, the potential and density modes are
related by " = (3!m/2ar2

Hk2)!, and so we see that the
nongaussian bias acquires a correction

"b(k) = 2bLfNL!c
3!m

2ag(a) r2
Hk2

, (8)

where again bL refers to the usual Lagrangian bias for
halos of this mass with Gaussian fluctuations. The total
Lagrangian bias is then bL(k) = bL + "b(k).

Since we have been working with the clustering of
peaks in the initial density distribution, the above ex-
pression for the bias applies only to the early-time, La-
grangian bias. Translating these results to late-time, Eu-
lerian bias is straightforward, however. The bias of Eule-
rian halos is simply b = 1+bL : the excess of halos in some
Eulerian volume with overdensity ! is b! = bL! + !. The
first term corresponds to the excess of peaks in the initial
Lagrangian volume, which are advected into the Eulerian
volume. The second term arises because an Eulerian vol-
ume with overdensity ! has ! times more mass than an
average volume, and therefore ! times more peaks.

In summary, local NG generates a scale-dependent cor-
rection to the bias of galaxies and halos, of the form

"b(k) = 2(b # 1)fNL!c
3!m

2a g(a)r2
Hk2

(9)

FIG. 1: Slice through simulation outputs at z = 0 gener-
ated with the same Fourier phases but with fNL =!5000,
!500, 0, +500, +5000 respectively from top to bottom. Each
slice is 375 h!1 Mpc wide, and 80 h!1 Mpc high and deep.
We can easily match by eye much of the large scale struc-
ture; for example, an overdense region sits on the left, while
an underdense region (void) falls on the right, in all panels.
Note that for positive fNL, overdense regions are more evolved
and produce more clusters than their Gaussian counterparts,
while underdense regions are less evolved (e.g. grid lines are
still visible). For negative fNL, underdense regions are more
evolved, producing deeper voids, while overdense regions are
less evolved, as illustrated by the grid lines apparent in the
left of the top panel.

where b here now refers to the Eulerian bias of the tracer
population. In subsequent sections, we show that this
simple expression, despite the underlying assumptions
and approximations in its derivation, matches surpris-
ingly well the halo clustering measured in our numerical
simulations.

III. NUMERICAL SIMULATIONS

We numerically simulate the growth of structure in
nongaussian cosmologies using the adaptive P3M par-
allel N-body code GRACOS

2 [63, 64]. Non-gaussian ini-
tial conditions were generated using the following pro-
cedure. First, we generated a Gaussian random poten-
tial field "(x) using a power-law power spectrum with a
scalar (density) index ns = 0.96, and normalized so that

2 http://www.gracos.org

Dalal et al 2008
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Cluster dN/dz

13

Vanderlinde et al 2010

First SPT Cosmological result (Vanderlinde et al 2010), used SPT’s 
first 21 clusters to constrain cosmology

100 steps from WMAP7 wCDM MCMC
chain with SPT dN/dz overplotted

slide from Brad Benson
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SPT Cosmological Constraints with X-rays

14

SPT 2500 deg2 survey will detect ~440 clusters at S/N > 5.  With 
mass calibration uncertainty of 5% mean and 10% evolution (z=0.0-
to-1.0), will constrain σ8 to +/-1.2% and w to +/-4.6%

• independent of geometric cosmological constraints (SN, BAO)
• 3.3% systematic uncertainty in w from mass calibration

Projected Constraints Projected Constraints

slide from Brad Benson
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Tests of CDM and Non-Gaussianity 

15

• SPT provides a clean uniform 
nearly redshift independent 
selection over a large area

• Catalog of 26 most 
significant clusters from full 
2500 deg2 survey 

•  Even a single massive cluster 
could indicate tension with   
CDM (Mortonson, Hu, 
Huterer 2010), however:

- consistent with CDM

- consistent with Gaussian 
density fluctuations   
(fNL=20 +/- 450)

Problem for   CDM 

Consistent with   CDM 

Williamson et al 2011, arXiv:1101.1290 slide from Brad Benson
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No Signs of Non-Gaussianity
• things look remarkably Gaussian
• huge clusters at z~1 turn out to be expected in LCDM, this 

is just the first time anyone has seriously looked

16

Jon Dudley  fNL=20 +/- 450
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CMB Power Spectrum

Ryan Keisler; Christian Reichardt; Erik Shirokoff

Plot by Ryan Keisler
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Vanilla LCDM
• extending 

power 
spectrum 
measurements 
by factor of 2 
leads to 
modest 
constraints on 
LCDM Keisler et al 2011
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Testing the model: 
e.g Number of “neutrinos”

• hints that there 
could be an 
excess of 
relativistic 
particles

• neutrinos affect 
damping scale 
and acoustic scale 

Keisler et al 2011
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Lensing of the CMB
17°x17°

from Alex van Engelen
Wednesday, June 15, 2011



Lensing of the CMB
17°x17°

from Alex van Engelen
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Lensing simplified

• gravitational 
potentials 
distort shapes 
by stretching, 
squeezing, 
shearing

Gravity
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Lensing simplified

• gravitational 
potentials 
distort shapes 
by stretching, 
squeezing, 
shearing

Gravity
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Lensing simplified

• where gravity 
stretches, gradients 
become smaller

• where gravity 
compresses, 
gradients are larger

Gravity

Wednesday, June 15, 2011



Simulated reconstructions

Input Recovered at 15 uK’ white, 1’

• Input and recovered deflection angle maps, 17°x17°

• filtered for display at l < 200

from Alex van Engelen
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Mapping the universe

• SPT making maps of total matter 
(including dark matter) between 
z=0-1100

20o

10o
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CMB Lensing 
Detections17

We can incorporate this scale dependence into the
analysis by considering a bispectrum of the form

b!1,!2,!3 ! !!0.6
1 !!0.6

2 F!3 (42)

To quantify the e!ect of scale dependence on the lensing
estimator, we compute the correlation between this shape
and the point source shape (Eq. (32)), using the Fisher
matrix formalism [93]. According to this, the Fisher ma-

trix element between two bispectra b(")
!1!2!3

, b(#)
!1!2!3

is de-
fined by

F"# =
1

2

!

!1!2!3

(G!1!2!3)
2b(")

!1!2!3
b(#)
!1!2!3

(CTT
!1

+ NTT
!1

)(CTT
!2

+ NTT
!2

)(Cgg
!3

+ Ngg
!3

)

(43)
To a good approximation, when bispectra are estimated
from data, the covariance matrix is given by:

Cov(b("), b(#)) = f!1
skyF

!1
"# (44)

When we compute the Fisher matrix for the point source
(Eq. (32)) and scale-dependent (Eq. (42)) shapes at
WMAP and NVSS noise levels, we find a correlation co-
e"cient " 0.95. At this level of correlation, the point
source shape and SZ shape can not be distinguished to
1", unless a 6" detection of the point source shape can
also be made. Since we do not find any evidence for point
source contamination in the data (Fig. 15), we conclude
that the di!erence between the point source and SZ bis-
pectra should be negligible in the context of the WMAP
and NVSS data sets.

As an additional check, we tried modifying our point
source simulations by giving each point source an a!m !
!!0.6 profile, and SZ frequency dependence (Eq. (40)),
including the negative sign. This crude procedure is of
course not an accurate method for simulating SZ in de-
tail, but does incorporate two qualitative features which
distinguish SZ from point sources at WMAP resolution:
the scale dependence (Eq. 41) and frequency dependence
(Eq. 40). We find that the systematic errors in lensing
(obtained from Monte Carlo simulations as described in
§VII) are within the range of point source models previ-
ously considered, showing that neither of these deviations
from pure point source behavior significantly a!ects our
method.

Finally, there is one assumption in our point source
model which we can check explicitly for the case of SZ:
that clustering is unimportant on scales of l # 400 (see
Eq. 30). This can be seen directly from Fig. 18; the
clustering term is dominated by the Poisson term by an
order of magnitude.

IX. FINAL RESULT AND DISCUSSION

In Tab. I and Fig. 19, we show our final result: an esti-
mated value of C$g

b in bandpowers, together with statisti-
cal and systematic uncertainties. Our procedure for com-
bining errors is as follows. We combine the errors from
beam asymmetry (§VI A) and beam uncertainty (§VI B)

FIG. 19: Final result from Tab. I, showing statistical errors
alone (blue/inner error bars) and statistical + systematic er-
rors (red/outer).

into a “total beam” error assuming that the two are com-
pletely correlated. We obtain a “total Galactic” error
from Galactic CMB foregrounds by combining the dust
and free-free systematic errors (§VI C) assuming corre-
lated errors, and double the result to account for syn-
chrotron (where no template is available on the relevant
angular scales). We obtain a “total point source” error
by combining the errors from unresolved and resolved
sources, assuming that the two are correlated. (As we
have shown in §VIII, the “point source” errors apply to
the total systematic error from CMB point sources and
the thermal SZ e!ect.) We then obtain our final result
by combining the statistical, total beam, total Galactic,
and point source errors, assuming that the four are un-
correlated.

What is the total statistical significance of our detec-
tion? To assess this, we combine our bandpower esti-
mates into a single estimator "C, giving each bandpower a
weight proportional to its fiducial expectation value C$g

b,fid

(not the measured value in Tab. I) and inversely propor-
tional to its total (statistical + systematic) variance:

"C =

#
b

$
C$g

b,fid/Var( "C$g
b )

%
"C$g

b
#

b(C
$g
b,fid)2/Var( "C$g

b )
(45)

where the denominator has been included to normalize
$"C% = 1 in the fiducial model. We find "C = 1.15 ± 0.34,
i.e. a 3.4" detection.

Throughout this paper, we have assumed a fiducial
cosmology, NVSS redshift distribution, and galaxy bias
when computing statistical errors by Monte Carlo simu-
lation, and when constructing the (S+N)!1 filters in the
analysis pipeline. To what extent do our results depend
on the fiducial model? Our C$g

! bandpowers and error
bars depend only on the fiducial power spectra CTT

! , Cgg
!

used in Monte Carlo simulations, not on the details of

Smith et al 2007
WMAPxNVSS

(3.4)

4

with an input lensing power spectrum. For both spec-

tra, we used CAMB generated fiducial temperature and

lensing power spectra based on the WMAP 7-year pa-

rameters. From our maps, we obtain the lensed spherical

harmonics aLlm using anafast. We then compile the full

lensed simulation by adding these with the beam trans-

fer functions and noise multipole moments as described

above, utilizing the KQ75 mask.

After the Gaussian and lensed simulations are ob-

tained, K(2,2)
l may be extracted. Each simulation is

weighted in the several combinations from which the kur-

tosis power spectra K(x)(2,2)
l are formed and then added

together to obtain the full estimator as shown in Eq. 20.

These power spectra initially contain the Gaussian piece

that must be subtracted out. Therefore, we take the

mean of the kurtosis spectra obtained from the Gaussian

simulations and subtract this from each kurtosis spec-

trum obtained from the simulated lensed maps. To cor-

rect for the cut sky, we use the technique developed by

Hivon et al. (2001) that removes masking effects using

a mode-coupling matrix akin to what was done in Smidt

et al. (2010). The leftover connected pieces are averaged

over yielding the theoretical Kφφ
l for fiducial cosmology.

The kurtosis power spectrum Kφφ
l may be computed

analytically from Eq. 9-12 using an unlensed temperature

power spectrum and Cφφ
l obtained from CAMB. A plot

of K(2,2)
l versus Cφφ

l K(2,2)
l is given in Figure 1, demon-

strating the estimator works well with simulated data.

4. ANALYSIS

To extract K(2,2)
l from data we use the raw WMAP 7-

year Stokes-I sky maps for the V (60.8 GHz) and W (93.5

GHz) frequency available
1
1 from the LAMBDA website.

We analyze these maps with anafast (KQ75 mask) to

generate the multipole moments for each frequency band

out to lmax = 750. We make no separate correction for

unresolved point sources as their contamination for lens-

ing measurements has been shown to be negligible (Smith

et al. 2008). The correction for the cut sky is handled

as described above.

These data maps are then weighted and K(2,2)
l is ex-

tracted with the Gaussian piece removed.. With K(2,2)
l ,

Cφφ
l = K(2,2)

l /K(2,2)
l can now be constrained. To con-

strain each bin, we minimize χ2
making use of the co-

variance between bands and l bins as described in Smidt

et al. (2009). The covariance matrix was computed and

used to capture correlations between each l-mode. A plot

of these constraints is given in Fig 2. For this fit, K(2,2)
l

is binned in l with δl = 150.

To avoid a false detection, we perform a null test

measuring K(2,2)
l on the difference of temperature maps.

Here, we extract our estimator from the difference of the
V and W frequency band maps. The reason for calcu-

lating this difference is that the lensing signal should be

the same in both maps, and therefore a subtraction of

the maps should remove any lensing signal present. The

difference is performed both on the raw Stokes-I WMAP

7-year data maps, as well as the Gaussian simulations de-

scribed above. Figure 2 inset shows no lensing is detected

from these differenced maps. We also tested our estima-

tor against unlensed maps seeded with primordial non-

10 100 1000
l

10-10

10-9

10-8

10-7

10-6

l4 C
l

/2

W
V

10 100 1000
l

-5

0

5

10

15

V-
W

 (x
10

8 )

Fig. 2.— The constraints on C
φφ
l using the K(2,2) estimator. In

the larger plot, the red squares are the constraints by the V-band

and the green circles are for the W-Band. The result of the null

test is given in the smaller plot. These error bars represent 1σ
errors.

Params. WMAP7 WMAP7+AL WMAP7+AL+C
φφ
l

103Ωbh
2 22.51± 0.62 22.59± 0.63 22.60± 0.58

102ΩDMh
2 11.08± 0.57 11.04± 0.54 11.09± 0.54

τ 0.089± 0.016 0.090± 0.015 0.089± 0.015

ns 0.967± 0.015 0.968± 0.014 0.968± 0.014

ΩΛ 0.734± 0.031 0.737± 0.028 0.735± 0.027

Age/Gyr 13.8± 0.14 13.7± 0.14 13.7± 0.13

H
1
0 71.0± 2.7 71.3± 2.5 71.1± 2.4

AL 1.0 0.87± 1.05 0.97± 0.47

TABLE 1
Constraints on the cosmological parameters using

CosmoMC. From left moving right: WMAP 7-year data
only; WMAP7 with AL allowed to run; WMAP7 with the

constraints on C
φφ
l coming from our K(2,2)

l estimator from
the combined W-band and V-band data. The 1 Units on H0

are (km s−1 Mpc−1).

Gaussinainity of fNL = 100 ( Elsner & Wandelt 2009)

and found these are consistent with the Gaussian case

for our estimator. This agrees with calculations from

Lesgourgues et al. 2005.

With constraints on Cφφ
l , we use CosmoMC (Lewis

and Bridle 2002) to constrain the lensing amplitude AL,

as compared to that from the WMAP7 measurements of

the temperature and E-mode polarization spectra CΘΘ
l ,

CΘE
l , and CEE

l alone. The parameter AL can be thought

of as a measure of the degree of lensing in the CMB,

where AL = 1 represents a universe with the expected

amount of lensing signal and AL = 0 is the case with

no lensing. We sample the following seven-dimensional

set of cosmological parameters: the baryon and cold dark

matter densities Ωbh2
and ΩDMh2

, the ratio of the sound

horizon to the angular diameter distance at the decou-

pling, θs, the scalar spectral index ns, the overall nor-

malization of the spectrum As at k = 0.002 Mpc
−1

, and

the optical depth to reionization, τ .

5. RESULTS AND DISCUSSION

Smidt et al 2011
WMAP only

(1.9)

Das et al 2011
ACT only

(4)
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SPT Lensing Power Spectrum
• high significance 

detection of non-
Gaussianity in the 
CMB induced by 
gravitational lensing

• based on ~1/5 of 
SPT area, single-
frequency only, 
heavily-filtered

• project >30  
detection with 2500 
deg2 survey

van Engelen et al, coming soon!
Wednesday, June 15, 2011



SPT-Pol Lensing
• gravitational lensing 

signal should be 
relatively easy to 
see in CMB B-
modes

• in principle, measure 
sum of neutrino 
masses to ~0.1 eV

• polarization upgrade 
coming to SPT at 
end of 2011 

29

band shows 
+-0.5 eV in 
m
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Summary 
• SPT is nearly done the temperature survey

• next: SPT-Pol
• Large cluster catalog for cosmological searches 

for physics beyond standard CDM
• Vanderlinde 2010, Williamson 2011, Benson in prep 

• precise power spectrum measurements for 
testing LCDM and searching for new physics

• Keisler 2011, Shirokoff 2011, Lueker 2010

• detection of gravitational lensing through non-
Gaussianity of CMB

• van Engelen in prep
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