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Outline
• The three cameras of the South Pole 

Telescope 

– SPT-SZ, SPTpol, SPT-3G

• CMB power spectrum

– What caused Inflation?

• CMB lensing
– 1st B-mode detection from SPTpol
– What are the neutrino masses?
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z=0

Small-scale CMB touches all 
these epochs

CMB power spectrum:

• What caused inflation?

• How many neutrino species are 
there?
etc.

Sunyaev-Zel’dovich (SZ) signal 
(next talk)
Gravitational lensing:

• What are the neutrino masses? 
etc.



The South Pole Telescope (SPT)
Site: 
• Best known mm-wavelength observing 

conditions
Telescope:
• 10 meter telescope (1.1’ FWHM beam)
• Fast scanning (up to 2 deg/sec in az)
• 2” pointing accuracy

Funded by 
NSF

SPT Collaboration



Receivers

• 960 bolometers 

• Surveyed 2500 deg2

• Final map depths of 

40 µK-arcmin @ 95 GHz
18 µK-arcmin @ 150 GHz
70 µK-arcmin @ 220 GHz

• 1536 polarization-
sensitive bolometers 
• Conducting 600 deg2 

survey
• Exp. map depths of

8 µK-arcmin @ 95 GHz
5 µK-arcmin @ 150 GHz 

• 15,234 polarization-
sensitive bolometers 
• Plan 2500 deg2 survey

• Exp. map depths of 

4.2 µK-arcmin @ 95 GHz
2.5 µK-arcmin @ 150 GHz
4.0 µK-arcmin @ 220 GHz

SPT-SZ (2007-2011) SPTpol (2012-2015) SPT-3G (2016-)
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SPT-SZ 2500 deg2 survey

Status: finished in Nov. 2011.
18 µK-arcmin at 150 GHz

Deepest large-area CMB map



Zoom in on an SPT map
~50 deg2 from 

2500 deg2 survey
Cluster of Galaxies

Galaxy cluster show up as 
“shadows” against the CMB!

Radio and dusty galaxies 
show up as bright spots



Zoom in on an SPT map
~50 deg2 from 

2500 deg2 survey

Cosmic microwave 
background (CMB)



SPT-SZ 2500 deg2 survey

Non-exhaustive list of awesomeness:
• SZ-selected galaxy cluster catalog (~600 clusters, 

85% new discoveries) out to high redshift (for Dark 
Energy)

• Discovery of a population of strongly lensed, high-
redshift, star-forming galaxies.

• Most sensitive pre-Planck measurement of CMB 
power spectrum at ell>~600 (and still most sensitive 
at ell>~1850).

• Constraints on duration of epoch of reionization from 
kinetic SZ.

• >30 σ detection of bispectrum due to SZ & galaxies  
• 2500 deg2 CMB-lensing-derived map of projected 

mass between z=0 and z=1100.

SPT-SZ 2500 deg2 survey

Objects

2-point

3-point

4-point



Outline
 The three cameras of the South Pole 

Telescope

– SPT-SZ;   SPTpol;   SPT-3G

• CMB power spectrum

– What caused Inflation?

• CMB lensing
– 1st B-mode detection from SPTpol
– What are the neutrino masses?
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Strong experimental progress
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SPT, Full Survey
Story, Reichardt, et al., 

2012
arXiv:1210.7231
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First results from full survey!
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x3 improvement from SPT
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• Number of relativistic 
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et al. 2012
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Stunning agreement



• Cross-spectrum is consistent within 
calibration and beam errors.
• No evidence for scale-dependent 
differences.

Comparing  SPT & Planck

Re-scale:                    1.8%
SPT cal uncertainty:   2.6%

                   [units of Power]
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What caused inflation?

What were the initial 
conditions of the Universe?



Inflation predicts nearly scale 
invariant spectrum

ns = 0.9, 1.0, 1.1
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Fig. 4.— The one-dimensional marginalized likelihoods of the six ⇤CDM parameters, plus two derived parameters – the dark energy
density ⌦

⇤

and the Hubble constant H
0

. The constraints are shown from SPT-only (black dashed lines), WMAP7-only (red dot-dash

lines), and SPT+WMAP7 combined (blue solid lines). In the SPT-only constraints, the WMAP7 measurement of ⌧ has been applied
as a prior.
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Fig. 5.— The one-dimensional marginalized constraint on AL.
This parameter rescales the gravitational lensing potential power

spectrum as C��
` ! ALC
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` .

Next we report constraints on A
L

. While the like-
lihood distribution for A

L

is non-Gaussian, A0.65
L

was
found in K11 to approximate a Guasian shape. In the
complete SPT data set presented here, we find that A0.60

L

is a slightly better fit to a Gaussian. Using SPT+WMAP
data with a uniform prior placed on A

L

, we find

A0.6
L

= 0.893± 0.082. (18)

6.5. Inflation

Cosmic inflation is a period of accelerated expansion in
the early Universe (Guth 1981; Linde 1982; Albrecht &
Steinhardt 1982) that generically leads to a Universe with
nearly zero mean curvature and a spectrum of “initial”
density perturbations (citeTBD) that may be the seeds
for all the structure we observe in the Universe, including
microwave background anisotropies. Models of inflation
compatible with current data generally predict, over the
range of observable scales, scalar and tensor perturba-
tions well characterized by a power law in wavenumber
k,

�2
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where �2
R

(k0) is the power spectrum of scalar (curva-
ture) perturbations specified at pivot scale k = k0 =
0.002 Mpc�1, with scale dependence controlled by the
index n

s

, while �2
h

(k0) is the power spectrum of tensor
(gravitational wave) perturbations specified at the same
pivot scale, with scale dependence controlled by n

T

. For
single-field models in slow-roll inflation, n

T

and r are
not independent parameters; they are related by a con-
sistency equation (Copeland et al. 1993; Kinney et al.
2008):

n
t

= �r/8 , (21)

where the tensor-to-scalar ratio r is defined as

r = �2
h

(k0)/�
2
R

(k0) . (22)

The tensor and scalar perturbations predicted by infla-
tion can thus be characterized by the three parameters

Primordial spectrum:
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Data:

P(ns > 1): WMAP7  = 1.4e-2 (2.2 σ)
    +SPT  = 3.9e-4 (3.9 σ)
+BAO+H0=1.4e-9 (5.9 σ)

ns:                      WMAP7 = 0.969 ± 0.014
WMAP7+SPT (CMB) = 0.962 ± 0.010
         CMB+BAO+H0 = 0.954 ± 0.008
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Data:

P(ns > 1): WMAP7  = 1.4e-2 (2.2 σ)
    +SPT  = 3.9e-4 (3.9 σ)
+BAO+H0=1.4e-9 (5.9 σ)

ns:                      WMAP7 = 0.969 ± 0.014
WMAP7+SPT (CMB) = 0.962 ± 0.010
         CMB+BAO+H0 = 0.954 ± 0.008

Planck+WMAP-Pol = 0.9603 ± 0.0073
+SPT/ACT+BAO = 0.961 ± 0.0054
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Planck improves by ~ x1.5
Same CMB value (shift <0.2 σ)



Tensor perturbations and 
temperature anisotropy
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disentangle the two.



(Tensor-scalar ratio)

Hitting TT sample variance limit
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(Tensor-scalar ratio)

Planck - same limits internally

WMAP: r < 0.36   WMAP+SPT: r < 0.18   CMB+BAO+H0: r < 0.11
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Planck+WP:            r < 0.12
Planck+WP+high-l: r < 0.11
Planck+WP+BAO:  r < 0.12



Implications for inflation
(variations on ns vs. r)
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Story, Reichardt et al., 2012
10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N⇤ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(�) = ⇤4 exp
 

�� �
Mpl

!

(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) / t2/�2 . This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = �8(ns � 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(�) = ⇤4
 

�

Mpl

!��
(36)

lead to inflation with a(t) / exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + �) and � > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ⇡ �8�(ns � 1)/(� � 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any �.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(�) ⇡ ⇤4
 

1 � �
p

µp + ...

!

, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns � 1 ⇡ �4M2

pl/µ
2 + 3r/8 and

r ⇡ 32�2⇤M2
pl/µ

4. This potential leads to predictions in agree-
ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ & 9 Mpl.

Models with p � 3 predict ns � 1 ⇡ �(2/N)(p � 1)/(p � 2)
when r ⇠ 0. The hill-top potential with p = 3 lies outside the

Planck22, 2013

Consistent 
allowed region!

As seen in Jerome 
and Cliff’s talks
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lead to inflation with a(t) / exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + �) and � > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
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Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(�) ⇡ ⇤4
 

1 � �
p

µp + ...

!

, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
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4. This potential leads to predictions in agree-
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when r ⇠ 0. The hill-top potential with p = 3 lies outside the
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PLANCK (plus upcoming small-
scale polarization experiments) will 
be 3X better on ns: 

-> σPLANCK+SPT3g(ns) ~ 0.0046

Future polarization experiments 
(SPT-3G, Simons Array, BICEP3, Adv. 
ACTPol) will be >10X better on r:
               -> σSPT3G(r) ~ 0.005



Outline
 The three cameras of the South Pole 

Telescope

– SPT-SZ;   SPTpol;   SPT-3G

 CMB power spectrum

– What caused Inflation?

•  CMB lensing
– 1st B-mode detection from SPTpol
– What are the neutrino masses?



TL(n̂) = TU (n̂ +��(n̂))

CMB Lensing 
Photons get shifted

2

technique of Seljak & Zaldarriaga (1999), Hu (2001b), and
Okamoto & Hu (2003), giving a reconstruction of the pro-
jected gravitational potential (Bernardeau 1997; Seljak & Zal-
darriaga 1999; Zaldarriaga & Seljak 1999; Hu 2001b). Most
of the weight in the projection comes from high redshifts,
z ⇠ 2, that are roughly halfway to the CMB recombina-
tion surface. CMB lensing measurements can thus probe the
physics affecting structure formation at high redshift, includ-
ing the neutrino masses (Kaplinghat et al. 2003; Lesgourgues
et al. 2006). In addition, the gravitational potential can be
probed on very large scales, leading to constraints on curva-
ture, dark energy, and modified gravity models (Smith et al.
2006; Calabrese et al. 2009).

Until recently, CMB observations had insufficient sen-
sitivity and angular resolution to detect lensing with the
CMB alone. Smith et al. (2007) instead performed a cross-
correlation between a reconstruction of the nearly full-sky
CMB lensing field, obtained with the third-year Wilkinson
Microwave Anisotropy Probe (WMAP) data, and the distri-
bution of radio galaxies found in the NRAO VLA Sky Survey
(NVSS). This resulted in a detection of the signature of CMB
lensing at 3.4 �. Similarly, Hirata et al. (2008) found a 2.5 �
detection of cross-correlation between their lensing map, also
obtained with the third-year WMAP release, and data from
both the Sloan Digital Sky Survey and NVSS.

Experiments with smaller beam sizes and lower noise lev-
els have opened the possibility of lensing detections using the
CMB alone. The Arcminute Cosmology Bolometer Array Re-
ceiver (ACBAR; Reichardt et al. 2009), Atacama Cosmology
Telescope (ACT; Dunkley et al. 2011) and South Pole Tele-
scope (SPT; Keisler et al. 2011) teams have found a prefer-
ence for lensing in the small-scale CMB temperature power
spectrum at significances of ⇠ 2 �, 2.8 � and 5 �, respec-
tively. Also, although the WMAP satellite is not optimized
for study of the CMB power spectrum damping tail, which
is most affected by lensing, the maps in the seventh-year
WMAP release (Jarosik et al. 2010) contain low enough noise
that evidence for lensing using a novel kurtosis estimator was
claimed at 2 � by Smidt et al. (2011). However, Feng et al.
(2011) recently applied the optimal quadratic estimator of Hu
(2001b); Okamoto & Hu (2003) to the WMAP7 maps, find-
ing no significant signal. The first clear detection of the power
spectrum of the CMB lensing potential was obtained by Das
et al. (2011b), who used the quadratic estimator approach with
ACT maps to obtain a 4 � detection.

Here, we perform quadratic lensing reconstruction and
present a detection of the lensing power spectrum from
590 square degrees of CMB sky observed by the SPT in 2008
and 2009. This sky area is approximately twice that used by
Das et al. (2011b), and is observed with ⇠ 25% lower noise.
The paper is structured as follows. In Section 2, we review
lensing of the CMB. In Section 3, we briefly review the SPT
dataset, noting that we use the maps which were generated
for the CMB power spectrum analysis of Keisler et al. (2011,
hereafter K11). In Section 4, we detail our application of the
quadratic estimator technique to the SPT maps. In Section 5,
we estimate the impact of foregrounds and other systematic
effects in the data, and show that they can be controlled for
the current level of precision. In Section 6, we present the
quantitative results, including a measurement of the ampli-
tude of the lensing power spectrum relative to theoretical ex-
pectations, and constraints on cosmological parameters. We
conclude in Section 7.

2. CMB LENSING

As CMB photons travel toward us, their paths are slightly
deflected by fluctuations in the intervening matter density.
Since the fluctuations are mostly in the linear regime on large
scales, each deflection is small, and we can consider the to-
tal deflection for a given observation direction n̂ as a sum of
deflections along the line of sight. The projected potential for
lensing �(n̂) is then given by

�(n̂) = �2
Z

�CMB

0

d�
f

K

(�CMB � �)
f

K

(�CMB)fK

(�)
�(�n̂, �), (1)

where �(r, ⌘) is the three-dimensional gravitational potential
at position r and conformal look-back time ⌘, both measured
with us at the origin, � is the comoving distance along the
line of sight, �CMB ' 14 Gpc is the comoving distance to the
CMB, and f

K

(�) is the comoving angular diameter distance,
with f

K

(�) = � in a spatially flat universe. Lensing shifts
the unlensed CMB temperature TU (n̂) at a sky position n̂ by
the gradient of this lensing potential, resulting in an observed
CMB temperature

T (n̂) =TU (n̂ +r�(n̂))

=TU (n̂) +rTU (n̂) ·r�(n̂) + . . . . (2)

The statistics of the Gaussian, unlensed temperature field are
determined purely by the unlensed CMB power spectrum CU

l

according to

hTU (l
1

)TU (l
2

)i = (2⇡)2�(l
1

+ l
2

)CU

l1
, (3)

where we use the flat-sky Fourier convention

T (l) =
Z

d2n̂T (n̂)e�il·ˆn, (4)

and apply the high-l limit in which the all-sky power spectrum
C

l

becomes equivalent to its flat-sky Fourier analogue.
When the CMB is lensed, the coupling between the CMB

gradient and the � gradient in Eq. 2 leads to an off-diagonal
correlation between CMB moments of

hT (l
1

)T (l
2

)i =L · (l
1

CU

l1
+ l

2

CU

l2
)�(L)

⌘f(l
1

, l
2

)�(L), (5)

at linear order in �. Here, L = l
1

+ l
2

, and we have assumed
l
1

6= �l
2

.
A quadratic estimator takes advantage of this off-diagonal

coupling by averaging over products of pairs of observed
CMB modes T (l

1

) and T (l
2

) that satisfy l
1

+ l
2

= L 6= 0
to reconstruct a mode �(L). This is distinct from lensing
detections using the CMB temperature power spectrum (Cal-
abrese et al. 2008; Reichardt et al. 2009; Das et al. 2011a;
Keisler et al. 2011), which probe the effects of lensing on “on-
diagonal” CMB modes with l

1

+ l
2

= 0.
Although the typical deflection angle is small, |r�|

RMS

'
2.40, the lensing deflection field is coherent across several de-
grees on the sky. The mode coupling is thus strongest for pairs
of modes in the CMB map with small vectorial separation, of
magnitude L . 1000. Additionally, the signal is most sig-
nificant on scales at which the CMB temperature power spec-
trum is a steep function of l (e.g., ?Bucher et al. 2010). This
condition is met on small scales (high l), where the primary
CMB fluctuations are exponentially damped due to photon
diffusion effects during recombination. Thus, an ideal lens-
ing estimate will search for nonzero coupling between pairs

CMB Lensing estimators 
look at:

<T▽T> = 0    (unlensed -
          no preferred direction)
             ~ d    (lensed)

Small-scale wiggles are correlated 
with large-scale gradient.

massive 
bodiesobserver

Unlensed
CMB looks like 
a
pure gradient.

~1º



U
nl

en
se

d

15º

from 
Oliver 
Zahn



Le
ns

ed

15º

from 
Oliver 
Zahn



Di
ffe

re
nc

e
RMS deflection 2.5’; coherent on degree scales

15º

from 
Oliver 
Zahn



Po
te

nt
ia

l

15º

from 
Oliver 
Zahn



1. Low systematic uncertainties:
• Gaussian, well-understood 
power spectrum
• Known, unique redshift

2. High redshift 
• No higher-z source

CMB is a unique lensing source



SPT map of 6% of matter in observable Universe

~20 σ in SPT 
~30 σ in Planck

Weighing the Hubble Volume

Lensing detection:

• S/N > 1 per mode on large scales
• Less sky than Planck

work being 
led by O. 
Zahn



Correlation with the Cosmic 
Infrared Background (CIB)

• Redshift kernel of 
lensing peaks z~2

• Well-matched to CIB 
(80% correlation)
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CMB lensing kernel
fiducial NVSS distribution

Smith+, 2007

Herschel/SPIRE
250, 350, 500 um

May 2012: Map deepest 100 deg2 of SPT 
survey to the confusion limit.



Correlation between lensing and CIB
• Colors: SPT’s CMB 

lensing map
• Greys: Herschel 500 

μm map, smoothed to 
100 Mpc scales

• Correlation detected at 
~10 σ

• Galaxy bias: 1.3 < b < 
1.8, model dependent

• CMB lensing is well-
calibrated in mass 
and probes how CIB 
traces dark matterHolder et al., arXiv:1112:5435 



Lensing Power Spectrum



















       





 





 
















Zahn et al., In prep.



• Any polarization pattern can be 
decomposed into “E” (grad) and 
“B” (curl) modes

• Quadrupole anisotropy introduces  
polarization at surface of last 
scattering

• Density fluctuations do not 
produce “B” modes!

• “B” modes are created by: 
– On large scales: 

primordial gravity waves 
from Inflation  

– On small scales: lensing 
of the CMB from large 
scale structure

The Next Frontier:
Polarization

Smith et al 2008 
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Small 
Changes

Big 
Changes!!!

Effect of Lensing on the CMB Power Spectrum:
B-modes from Lensing



SPTpol:
a new polarization-sensitive 

camera for SPT
First light Jan. 2012

Measure “B-mode” polarization to 
constrain neutrino mass and energy scale 
of inflation.

        σ(∑mν)~0.1 eV

        r ≲ 0.04  (95%)

Investigate dark energy using 
galaxy cluster abundances - 
deeper cluster survey

360 - 100 GHz
1176 - 150 GHz



2h 0h

22h
4h

6h

-40
-50

-60

1st year: SPTpol survey

Status: finished first 100 deg2 in 2012
Currently observing ~600 deg2



Q sum Q diff

U sum U diff

SPTpol 1-year Q/U maps
Map noise 

10 µK-arcmin



• Lens reconstruction in polarization can be 
thought of as a process of template fitting.

Blens(⇥lB) =

Z
d2 ⇥lE

Z
d2⇥l�W

�(⇥lE , ⇥lB ,⇥l�)E(⇥lE)�(⇥l�)

�E Blens



Detection of B-mode Polarization in the Cosmic Microwave Background

with Data from the South Pole Telescope
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Gravitational lensing of the cosmic microwave background generates a curl pattern in the observed
polarization. This “B-mode” signal provides a measure of the projected mass distribution over the
entire observable Universe and also acts as a contaminant for the measurement of primordial gravity-
wave signals. In this letter we present the first detection of gravitational lensing B modes, using
first-season data from the polarization-sensitive receiver on the South Pole Telescope (SPTpol). We
construct a template for the lensing B-mode signal by combining E-mode polarization measured by
SPTpol with estimates of the lensing potential from a Herschel -SPIRE map of the cosmic infrared
background. We compare this template to the B modes measured directly by SPTpol, finding a
non-zero correlation at 7.7� significance. The correlation has an amplitude and scale-dependence
consistent with theoretical expectations, is robust with respect to analysis choices, and constitutes
the first measurement of a powerful cosmological observable.

PACS numbers: 98.70.Vc 95.30.Sf, 98.62.Sb, 95.85.Sz, 98.80.Cq

Introduction: Maps of the cosmic microwave back-
ground (CMB) [1] polarization anisotropies are naturally
decomposed into curl-free E modes and gradient-free B

modes [2, 3]. B modes are not generated at linear or-
der in perturbation theory by the scalar perturbations
which are the dominant source of CMB temperature and

First detection of lensing B modes ( 7.7 σ )
Uses three-point EBɸ from SPTpol + Herschel-SPIRE maps of 
the cosmic infrared background.

E (SPTpol) Density (SPIRE) Predicted B

Duncan Hanson et al. arXiv:1307:5830



Lensing amplitude: AL=1.092 ± 0.141

Consistent results using:
‣ 90GHz E-modes.
‣ Temperature-derived E-modes.
‣ TT, TE, EE, EB lensing estimators.

No signal seen using:
‣ Curl-mode null test.
‣ E-modes from diff. map.
‣ B-modes from diff. map.

«B mode view» «Lensing view»



Cover x4 the area to twice the depth as SPTpol

SPT3G&

• 15,234 polarization-
sensitive bolometers 
• Plan 2500 deg2 survey
• Exp. map depths of 

4.2 µK-arcmin @ 95 GHz
2.5 µK-arcmin @ 150 GHz
4.0 µK-arcmin @ 220 GHz



Credit: G. Holder

• CMB Lensing Detection 
Significance

- SPT-SZ =  20 σ
- Planck =    30 σ 
- SPTpol =  45 σ
- SPT-3G = 150 σ )

• SPT-3G will measure 
individual lensing modes 
out to ell~800 (Planck will 
go ell~60)

• Cross-correlating with 
DES will measure galaxy 
bias to <1%

Expected Error Bars

SPT-3G: Lensing power spectrum



Neutrinos as seen by LSS

∑mν = 0 eV

∑mν = 0.94 eV

k (Mpc-1)

P(
k)

 @
 z

=0
Matter power spectrum today

0.1 eV changes BB power by 5%

mν
Long 
scales:
Faster 
expansion 
& 
clustering 
cancel 
(no net 
change)

Short 
scales:
Faster 
expansion 
suppresses 
structure



Predictions for neutrino masses
Planck + MS-DESI (BAO)

SPT3G + Planck

SPT3G + Planck + MS-DESI (BAO)

σ(∑mν)~22 meV



In conclusion
• SPT-SZ survey complete with broad science impact:

– High-redshift galaxies: Early star and galaxy formation 
– Distant, massive clusters: Dark energy, neutrinos, cluster evolution
– Primordial CMB anisotropy: Inflation, early universe physics
– CMB lensing: “weighing” the universe, neutrinos

• SPTpol: 1.4 years into 4 year survey
– First detection of Lensing “B”-modes:  Improve neutrino constraints
– Inflationary “B”-modes: Improve constraints on inflation’s energy scale

• SPT-3G: Development underway
– Observations begin in 2016
– Inflation, Lensing (neutrino masses), Clusters (see next talk), kSZ/tSZ

• Initial polarized power spectra coming soon!





Other extensions similar, e.g.,
Neff

SPT+WMAP7 Planck+WP

CMB only 3.62 ± 0.48 3.51 ± 0.38

CMB+BAO 3.50 ± 0.47 3.40 ± 0.29

CMB+BAO+H0 3.71 ± 0.35 -

Tighter, but no shift

(Note, Planck errors quoted here as half the 95% confidence interval, symmetrized)


