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Outline
• Why study small scales? What do you see?

• Cosmic microwave background (CMB) power 

spectrum & interpretation

– What caused inflation?

• Future directions with CMB lensing
– SPT-Pol, PolarBear & ACTPol + their successors
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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 & 
gravitational lensing:

• What are the neutrino masses? 

• How long did the epoch of 
reionization last? 
etc.



ACT instrument/survey

Sudeep Das, Argonne                                        Stanford, March 28, 2013

the atacama cosmology telescope

•6 m primary mirror.    

Off-axis Gregorian 

telescope  

•~1 arcmin resolution

•148, 218, 277 GHz 

channels

•3000 TES detector 

elements

Swetz et al. (2010)
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Sudeep Das, Argonne                                        Stanford, March 28, 2013

act has observed about 1800 sq. Degrees 
at arcminute resolution! 
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The South Pole Telescope (SPT)
Sub-millimeter Wavelength 

Telescope:
• 10 meter telescope (1.1’ FWHM beam)
• Three frequencies: 95, 150, 220 GHz
• Fast scanning (up to 2 deg/sec in 

azimuth)
• 2” pointing accuracy

Funded by 
NSF SPT Collaboration
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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

Radio and dusty galaxies 
show up as bright spots

z=2.782
HST-WFC3

ALMA



Zoom in on an SPT map
~50 deg2 from 

2500 deg2 survey
Cluster of Galaxies

High signal to noise Sunyaev-
Zel’dovich (SZ) galaxy cluster 
detections as “shadows” 
against the CMB!



Zoom in on an SPT map
~50 deg2 from 

2500 deg2 survey

Cosmic microwave 
background (CMB)
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SPT-SZ 2500 deg2 survey

(1) Find objects in the map
- Sunyaev-Zel’dovich (SZ) clusters, high-
redshift galaxies

     (2) Calculate the N-point function of the map
- usually power spectrum, but also higher 
orders

Small scale 
surveys

Two main types of 
analyses:

SPT-SZ 2500 deg2 survey



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
 Why study small scales? What do you see?

• Cosmic microwave background (CMB) 

power spectrum and interpretation

– What caused inflation?

• Future directions with CMB lensing 
– SPT-Pol, PolarBear & ACTPol + their successors
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First result from 
the full SPT survey!

SPT, Full Survey
Story, Reichardt, et al., 

2012
arXiv:1210.7231

WMAP9



x3 improvement from SPT
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“Classic” 
CMB

Interactions between 
the CMB and large-
scale structure

e.g.,
• Ionization history of the 
Universe - Zahn, Reichardt et 
al. 2012

e.g.,
• Number of relativistic 
species - Hou, Reichardt 
et al. 2012
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• 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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Significance of a tilt: 
(no beam unc.)  0.86 σ

Rescaled - on 2500 deg2



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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(k0)
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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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large scales, but their 
impact is partially 
degenerate with the 
scalar power law 
slope (ns) and other 
parameters. 

Small-scale data help 
disentangle the two.



(Tensor-scalar ratio)

Hitting TT sample variance limit

WMAP: r < 0.36   WMAP+SPT: r < 0.18   CMB+BAO+H0: r < 0.11
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No evidence for tensors yet; 95% upper limits are:

Story, Reichardt et al., 
arXiv:1210.7231



(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!
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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.
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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
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4. This potential leads to predictions in agree-
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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

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, Adv. ACTPol) 
will be >10X better on r:
               -> σSPT3G(r) ~ 0.005



Outline
 Why study small scales? What do you see?

Cosmic microwave background (CMB) power 

spectrum & interpretation

– What caused inflation?

• Future directions with CMB lensing
– SPT-Pol, PolarBear, ACTPol + their successors
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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



CMB Lensing Milestones 
(firsts @ >3 σ)

3

FIG. 1. Mean convergence power spectrum (red points) from
480 simulated lensed maps with noise similar to our data. The
solid line is the input lensing power spectrum, taken from
the best-fit WMAP+ACT cosmological model. Error bars
correspond to the scatter of power spectrum values obtained
from individual maps.

FIG. 2. Convergence power spectrum (red points) measured
from ACT equatorial sky patches. The solid line is the power
spectrum from the best-fit WMAP+ACT cosmological model
with amplitudeAL = 1, which is consistent with the measured
points. The error bars are from the Monte Carlo simulation
results displayed in Fig. 1. The best-fit lensing power spec-
trum amplitude to our data is AL = 1.16± 0.29

of simulations shown in Fig. 1.
Here, we introduce the parameter AL as a lensing con-

vergence power spectrum amplitude, defined such that
AL = 1 corresponds to the best-fit WMAP+ACT ΛCDM
model (with σ8 = 0.813). The reconstructed points are
consistent with the theoretical expectation for the con-
vergence power spectrum. From our results we obtain
a value of AL = 1.16 ± 0.29, a 4-σ detection. If we
restrict our analysis to the first three points, we find
AL = 0.96 ± 0.31. Fitting our five points to the theory,
we calculate χ2/dof = 6.4/4. Since the lensing kernel
has a broad peak at z ! 2 and a conformal distance of
! 5000 Mpc, our 4-σ detection is a direct measurement
of the amplitude of matter fluctuations at a comoving

TABLE I. Reconstructed C
κκ
" values.

! Range Central !b C
κκ
b (×10−8) σ(Cκκ

b ) (×10−8)

75–150 120 19.0 6.8

150–350 260 4.7 3.2

350–550 460 2.2 2.3

550–1050 830 4.1 1.3

1050–2050 1600 2.9 2.2

FIG. 3. Convergence power spectrum for simulated thermal
and kinematic SZ maps and point source maps [17] which
are a good fit to the ACT data. Note that we only show
the non-Gaussian contribution, as the Gaussian part which
is of similar negligible size is automatically included in the
subtracted bias generated by phase randomization. The solid
line is the convergence power spectrum due to lensing in the
best-fit WMAP+ACT cosmological model.

wavenumber k ∼ 0.02Mpc−1 around this redshift.
We estimate potential contamination by point sources

and SZ clusters by running our reconstruction pipeline on
simulated patches which contain only IR point sources or
only thermal or kinetic SZ signal [17], while keeping the
filters and the normalization the same as for the data
run. Fig. 3 shows that the estimated spurious conver-
gence power is at least two orders of magnitude below
the predicted signal, due partially to our use of only
temperature modes with # < 2300. We have also ver-
ified that reconstruction on simulated maps containing
all foregrounds (unresolved point sources and SZ) and
lensed CMB was unbiased. We found no evidence of ar-
tifacts in the reconstructed convergence power maps.
Null Tests.— We compute a mean cross-correlation

power of convergence maps reconstructed from neighbor-
ing patches of the data map, which is expected to be
zero as these patches should be uncorrelated. We find
a χ2/dof = 5.8/4 for a fit to zero signal (Fig. 4, upper
panel). For the second null test we construct a noise
map for each sky patch by taking the difference of maps
made from the first half and second half of the season’s
data, and run our lensing estimator. Fig. 4, lower panel,
shows the mean reconstructed convergence power spec-
trum for these noise-only maps. Fitting to null we calcu-

Das et al., 2011 • Lensing 
detected at 
4 σ with 300 
deg2 of ACT 
data

1) 3 σ; CMB x LSS (WMAP+) Smith et al 2007 3) 5 σ; CMB TT (WMAP+SPT) 
Keisler, Reichardt et al 2011

2) 4 σ; CMB TTTT (WMAP+ACT) Das et al 2011

2013 - Big jump 
from Planck 
(8 -> 30 σ)



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



• 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



95 GHz

150 GHz

150 GHz

PolarBear 
Chile (2012 - )

SPT-Pol 
South Pole (2012 - )

First light for both 
experiments Jan. 2012!

Current Small-Scale 
Polarization Experiments

54 days of PB



Next 5 years

2012 2013 2014 2015 2016 2017 2018

SPTpol:               1536 detectors
90 & 150 GHz

SPT-3G:      15k detectors
90, 150 & 220 GHz

ACTPol: 3072 detectors  by 2014
90 & 150 GHz

PolarBear: 1274 detectors
150 GHz

PB2:      7.5k detectors
90 & 150 GHz

22.5k detectors
90 & 150 GHz

Simons 
Array:

150 GHz beams:
SPT: 1.2’
PB: 3.5’

ACT: 1.7’

Site:
SPT: South Pole
PB: Chile
ACT: Chile

Adv. ACTPol: 16k
30, 40, 90, 150, 
220 & 270 GHz

(today)



Science

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:

   4x deeper maps than SPT

   lower mass threshold and find     
    ~1000 clusters

3-year SPTpol survey

i.e. SPT-Pol or 
PolarBear:

All:

SPT/ACT:

i.e. SPT-Pol:



Credit: B. Benson

SPT-3G will have 10x more clusters
• 8000 clusters

• Improves DES 
dark energy 
figure of merit 
by x4 (Wu et al. 
2010)

• 2% mass 
calibration from 
CMB-cluster 
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Planck-DR1

eRosita 50 cts threshold
(Pillepich et al 2012)



Credit: G. Holder

• CMB Lensing 
Detection Significance

-SPT-SZ=20-𝝈
-Planck=30-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



Array of 3 m telescopes:  
>22,500 detectors at 80-240 GHz

• Survey of high redshift structure
• Study inflation, neutrino mass, 
early dark energy, curvature, ...

To 50% of the sky
Simons Array

Chile - 2016



In conclusion
• Small-scale CMB measurements are consistent with 

Planck. 
• Small-scale CMB allows:

– Constraints on inflation
– as well as investigations of dark energy, neutrino 

mass, number of neutrino species, ...
– High S/N lensing maps

• Expect first B-mode results from CMB polarization 
experiments this year!
– New window into inflation and structure growth at z~2


