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CMB and the Cosmic Timeline

1.) CMB is “image” of universe at recombination 
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CMB and the Cosmic Timeline

2.) Quantum fluctuations from inflation are imprinted on CMB 
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CMB and the Cosmic Timeline
image credit: BICEP

3.) CMB photons affected by growth of structure in modern times 
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Some Outstanding Questions

• What is the physics of inflation (at ~1016 GeV)?


• What is dark energy?


• How does gravity behave on large scales?


• What the sum of the neutrino masses?
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Access with more precise CMB measurements



Temperature Anisotropy from Planck

430μK rms fluctuation on a 3K blackbody 



Temperature Anisotropy from Planck
Planck Collaboration: The Planck mission
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Fig. 29. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including
Planck temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI
(2014)). Error bars include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond.

Beyond the six-parameter ⇤CDM model, the Planck lensing
measurements strengthen the evidence reported by ACT (Sievers
et al. 2013) and SPT (van Engelen et al. 2012; Story et al. 2012)
for dark energy from the CMB alone in models with spatial cur-
vature. Closed models with low energy density in dark energy
can be found that produce unlensed CMB power spectra nearly
identical to the best-fitting ⇤CDM model. This “geometric” de-
generacy is partially broken by lensing, since the closed models
predict too much lensing power. Even without using the Planck
lensing reconstruction, the 10� detection of the smoothing of the
temperature power spectrum allows Planck, used in combination
with ACT and SPT at high-` (to better constrain extragalactic
foregrounds) and WMAP large scale polarization, to break the
geometrical degeneracy, and provides evidence for dark energy
purely from the CMB (Planck Collaboration XVII 2014). Adding
the lensing likelihood, we constrain any departures from spatial
flatness at the percent level: ⌦K = �0.0096+0.010

�0.0082 (68 % CL) for
the same data combination, improving earlier CMB-only con-
straints (Story et al. 2012) by around a factor of two, and setting
our determination of dark energy from temperature anisotropies
data alone to ⌦⇤ = 0.67+0.027

�0.023 (68 % CL). Tighter constraints
from the combination of Planck and other astrophysical data are
given in Planck Collaboration XVI (2014).

Within the minimal, six-parameter model the expansion rate
is well determined, independent of the distance ladder. One of
the most striking results of the nominal mission is that the best-
fit Hubble constant H0 = (67 ± 1.2) km s�1 Mpc�1, is lower than
that measured using traditional techniques, though in agreement
with that determined by other CMB experiments (e.g., most no-
tably from the recent WMAP9 analysis where Hinshaw et al.
2012b find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consistent with the
Planck value to within ⇠ 1�). Freedman et al. (2012), as part
of the Carnegie Hubble Program, use mid-infrared observations
with the Spitzer Space Telescope to recalibrate secondary dis-
tance methods used in the HST Key Project. These authors find
H0 = (74.3 ± 1.5 ± 2.1) km s�1 Mpc�1 where the first error is
statistical and the second systematic. A parallel e↵ort by Riess
et al. (2011) used the Hubble Space Telescope observations of
Cepheid variables in the host galaxies of eight SNe Ia to cali-
brate the supernova magnitude-redshift relation. Their ‘best es-
timate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2014).
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ΛCDM cosmology fits:
70% dark energy
25% dark matter
5% baryons



Temperature Anisotropy from Planck
Planck Collaboration: The Planck mission
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Ωbh2 = 0.02226 ± 0.00023
Ωch2 = 0.1186 ± 0.0020

50σ offset!



CMB Polarization
• Polarization can be decomposed 

into E-mode and B-mode 
patterns on sky
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CMB Polarization
• Polarization can be decomposed 
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• B-modes produced only by:


• inflationary gravitational waves 
(large angular scales)
—“smoking gun”


• gravitational lensing of E-
modes (small angular scales)
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CMB Polarization
• Polarization can be decomposed 

into E-mode and B-mode 
patterns on sky

• B-modes produced only by:


• inflationary gravitational waves 
(large angular scales)
—“smoking gun”


• gravitational lensing of E-
modes (small angular scales)

• Measuring large and small scales 
enables delensing to enhance 
sensitivity to inflationary B-modes


• Sensitivity to neutrino mass 5

TT

EE BB lensing

BB inflationary

r = 0.1
r = 0.01
r = 0.001



South Pole Telescope
• 10m primary mirror 
• ~1 arcmin angular resolution, highest resolution CMB maps

SPT-SZ (2007)

SPTpol (2012)

SPT-3G (2016)960 detectors at 95, 150, 220 GHz

1500 detectors at 90, 150 GHz w/polarization

16,000 detectors at 90, 150, 220 GHz 
w/polarization

photo credit: Jason Gallicchio
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South Pole Telescope
• 10m primary mirror 
• ~1 arcmin angular resolution, highest resolution CMB maps

SPT-SZ (2007)

SPTpol (2012)

SPT-3G (2016)960 detectors at 95, 150, 220 GHz

1500 detectors at 90, 150 GHz w/polarization

16,000 detectors at 90, 150, 220 GHz 
w/polarization

photo credit: Jason Gallicchio

Integration and testing ongoing at 
Fermilab with B. Benson, M. Jonas, 

D. Kubik, H. Nguyen, S. Rahlin
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SPT-3G Upgrade

• Modern CMB detectors limited by 
photon shot noise 

• Better sensitivity only possible by 
more detectors


• SPT-3G to improve both:


• redesign optics to increase 
throughput by 2x


• multichroic pixel design for 
higher detector density

20x increase in 
mapping speed

7



Detector Modules

• 271 pixels per wafer


• 10x detector wafers in 
focal plane


• Detector wafers coupled to 
array of alumina lenslets, 
anti-reflective coating


• Assembly, packaging, wire 
bonding all at Fermilab at 
SiDet

14
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Major expertise in silicon detectors from: 

CMS, DES, DAMIC… 6 in



Fabricated at Argonne 9
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Multichroic Pixel Performance
optical test data from UChicago
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Fabricated at Argonne 11



Fabricated at Argonne 11



TES Bolometers and Readout

• Antennas coupled to transition-edge 
sensor bolometers at 500mK read 
out by SQUID amplifiers


• Channel count requires 64x 
multiplexing factor


• Frequency-domain multiplexing with 
amplitude modulation by sky signal 
(a la AM radio)

re
sis
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nc

e 
[O

hm
]

temperature [K]

detectors operated in 
superconducting transition

12

Inductive-Capacitive Resonators

18

v

• LC circuit 
• f = 1.6 MHz - 5 MHz 
• L= 60 μΗ 
• ΔCmin = 0.6 pF 
• Q ~ 5000 (ESR ~ 0.1 Ω) 

• 68 devices per chip 
• Al on Si substrate 

• Fabricated at LBNL+UCB 
• Comb design & 

characterization at ANL
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TES Bolometers and Readout

• Antennas coupled to transition-edge 
sensor bolometers at 500mK read 
out by SQUID amplifiers


• Channel count requires 64x 
multiplexing factor


• Frequency-domain multiplexing with 
amplitude modulation by sky signal 
(a la AM radio)
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Optics and Cryostat

1st SPT-3G Optics Cryostat Cooldown

photo credit: Brad Benson13
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• Cryostats assembled and 
Commissioning and Timeline

photo credit: Brad Benson

• Ongoing:


• Cryostats assembled at Fermilab, 
currently testing


• Optics assembly


• Detector and electronics testing at 
Fermilab and elsewhere


• Oct. 2016: Ship to South Pole


• Nov. 2016 - Feb. 2017: Commissioning 
at pole


• 2017: First data
14



A Few Recent Results and Projections for SPT-3G
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B-mode Power Spectrum with SPT-3G

• 2500 sq deg survey in 4 years 
starting in 2017


• Sensitivity to r of 0.01


• High-sensitivity measurement 
of lensing B-modes will enable 
removal of lensing B-modes in 
SPT data


• BICEP/Keck field overlaps with 
SPT-3G field, combined 
analysis with SPTpol ongoing

16



CMB Lensing Potential

• Gravitational lensing of CMB 
photons by intervening matter 
distorts spectrum and 
introduces correlations


• Can reconstruct the projected 
gravitational potential 
between us and CMB

image credit: ESA
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Maps of Lensing Potential with SPTpol

500 sq deg SPTpol

(2013-2015)


in prep.

M. Mocanu

100 sq deg SPTpol

(2012-2013)


Story, et al., 2015

• Improves constraints on neutrino masses in cosmology fits


• Can be used for delensing of BICEP/Keck data 18



Future Sensitivity

  𝝈(r) 𝝈(Neff) 𝝈(𝚺m𝝂) 
(meV)

Current CMB 0.05 0.32 117*
Stage 2 (SPTpol) 0.03 0.12 96*

Stage 3 (SPT-3G) 0.01 0.06 61*

Stage 4: CMB-S4 0.001 0.02 16**
* Includes BOSS prior 
** Includes DESI prior



Dark Energy and Clusters
• Thermal Sunyaev-Zeldovich (SZ) effect: 

inverse Compton scattering of CMB 
photons on hot cluster gas distorts CMB 
spectrum


• Cluster mass distribution as a function of 
redshift sensitive to dark energy


• SPT-3G will increase number of SZ-
detected clusters by about 10x to ~5000 
(S/N>4.5)


• SZ effect provides calibration of cluster 
masses which can be used with redshifts 
from photometric or spectroscopic surveys


• Highly complementary to DES!

2

strated that future SZE surveys might constrain
the variation of the dark energy equation of state
w(z). Hu & Kravtsov (10) examined the ef-
fects of cosmic variance on cluster surveys as well
as including the effects of imprecise knowledge
of a larger number of cosmological parameters.
Levine, Schulz & White (11) examined an X–ray
cluster survey, showing that a sufficiently large
survey allows one to measure cosmological pa-
rameters and constrain the all–important cluster
mass–observable relation simultaneously. This
raises the exciting possibility that cluster surveys
are self–calibrating– that the redshift distribu-
tion contains enough energy to solve for cluster
structure and cosmology simultaneously! An im-
portant caveat to this work is that the authors
assumed that the evolution of cluster structure
was perfectly known. In a more recent work, Ma-
jumdar & Mohr (12) show that if one allows for
our imprecise knowledge cluster structural evo-
lution with redshift, the constraint on the dark
energy equation of state w evaporates. In ad-
dition, we show that if one incorporates followup
measurements– perhaps from X–ray, SZE or weak
lensing– into the survey one can recover the pre-
cise constraints on w. These calculations under-
score the importance of incorporating informa-
tion from multiple observables into future cluster
surveys. Ongoing calculations by several groups
will undoubtedly provide additional insights into
how to optimize cluster surveys, but today it ap-
pears that high yield cluster surveys are as vi-
able a means of studying dark energy as first sug-
gested.

2. Prospecting for Clusters

Galaxy clusters are dark matter dominated ob-
jects with baryon reservoirs in the form of an intr-
acluster medum (ICM) and a galaxy population.
Clusters can be found through the light the galax-
ies emit, the gravitational lensing distortions the
cluster mass introduces into the morphologies of
background galaxies, the X–rays emitted by the
energetic ICM, the distortion that the hot ICM
introduces into the cosmic microwave background
spectrum (SZE), and the effects that the ICM has
on jet structures associated with active galaxies

Figure 1. The cluster redshift distribution for a
4000 deg2 SZE survey proposed for the South Pole
is sensitive to the dark energy equation of state w.
Three models with different w are shown (above)
and statistical differences quantified (below).

in the cluster. These methods are largely com-
plementary, each having different strengths. It
appears that X–ray and SZE signatures of clus-
ters are higher contrast observables than are weak
lensing or galaxy light. That is, massive galaxy
clusters are more prominent relative to the jum-
ble of lower mass halos and large scale filaments
when viewed with the SZE and X-ray; projection
effects are a far more serious concern when using
galaxy light or weak lensing signatures. Studies of
the highest redshift galaxy clusters will likely be
done with the SZE, because of the redshift inde-
pendence of the spectral distortion in the CMB.
Further work has to be done to develop optimal
means of applying each of these observables and
combining them to create the highest fidelity pic-
ture of the cluster population and its evolution.

Figure 1 contains the redshift distributions for
one proposed SZE survey from the South Pole
(PI: Carlstrom). Redshift distributions for w =
−1, w = −0.8 and w = −0.6 are shown to demon-
strate the effects of this parameter on the survey.
In the lower panel the statistical “distance” be-
tween these models is shown, illustrating sensitiv-
ity near the peak in dN/dz at z = 1/2 and again
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Summary

Summary
• SPT observations of the CMB 

continue to be a powerful 
cosmological probe!

• Measurements of EE, TE, BB, 
φφ with SPTpol deep field !
• Strong rejection of no lensing from 

BB & φφ!

• SPTpol main survey EE 
power spectrum with 50 < � < 
10,000!

• Analysis on main survey BB & 
φφ underway!

• SPT-3G is coming soon!
credit: D. Hrubes

• SPT 3G will probe inflation, neutrino 
masses, and dark energy with high- 
resolution CMB maps


• Major opportunity for cross-
correlation with other projects, 
especially DES, BICEP/Keck


• Enabled by factor ~20x increase in 
sensitivity from multichroic 
detectors and optical throughput


• Instrument commissioning is 
ongoing


• First data taking in early 2017
21
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Cluster Cosmology with SPT

14

Fig. 6.— Constraints on the species-summed neutrino mass.
The addition of cluster constraints to either the Planck+WP or
Planck+WP+BAO datasets has a similar e↵ect: the posterior
peaks at positive values, but remains consistent with zero.

Fig. 7.— Simultaneous constraints on the e↵ective number of
relativistic species and the species-summed neutrino mass. The
addition of the SPT cluster data reduces the allowed parameter
space.

as shown in Figure 7. The simultaneous constraints are

N
e↵

= 3.25± 0.23 (20)

and
⌃m

⌫

= 0.39± 0.20 eV, (21)

factors of 1.3 and 1.6 respective improvement over the
Planck+WP data alone.
Adding BAO data reduces the remaining allowed pa-

rameter space significantly to N
e↵

= 3.28 ± 0.20 and
⌃m

⌫

= 0.18 ± 0.09, and results in a degeneracy be-
tween N

e↵

and ⌃m
⌫

, allowing for larger values of N
e↵

for increasing ⌃m
⌫

. These constraints can be fur-

Fig. 8.— Comparison of di↵erent cosmological probes of dark
energy. The countours show the simultaneous constraints on the
present day density of dark energy ⌦

DE

= 1 � ⌦m and the dark
energy equation of state parameter w. Using priors on H

0

and
⌦bh

2, the SPT cluster data are able to simultaneously constrain
the two parameters, and are in good agreement with the other
probes. The other probes are sensitive to dark energy primarily
through its e↵ect on the geometry of the universe.

ther tightened with the addition of local H
0

measure-
ments, with the caveat that the best-fit value of H

0

from the SPT
CL

+Planck+WP+BAO dataset, H
0

=
68.6±1.2 km/s/Mpc, is in mild tension with direct local
measurements from Riess et al. (2011). Proceeding to
add those local measurements, such that we consider a
SPT

CL

+Planck+WP+H
0

+BAO dataset, we find a pref-
erence for larger N

e↵

, resulting in the marginalized con-
straints of

N
e↵

= 3.43± 0.16 (22)

and
⌃m

⌫

= 0.16± 0.08 eV. (23)

The combined dataset has a 2.3� preference for N
e↵

>
3.046, the standard model prediction. This is partially
driven by the weak tension between local H

0

measure-
ments and the Planck+BAO dataset, as has been noted
by other authors (e.g., Hou et al. 2014; Wyman et al.
2014; Battye & Moss 2014). However, the sensitivity to
the H

0

prior is relatively weak. The preference for N
e↵

exceeding the standard model prediction would still be
2.0� if the central value of the H

0

prior was reduced by
one standard deviation.

6.5. wCDM

With the increased number of clusters in this work we
are able to place constraints not only on the local cluster
abundance but also on the evolution of cluster abundance
with redshift. In particular, we examine the constraints
on the wCDM cosmology, where the equation of state of
dark energy w is a free parameter. We assume that w is
a constant (i.e., its value does not evolve with redshift).
This additional parameter a↵ects the cluster abundance
and observables through its influence on the geometry
of the universe and, more importantly, the growth of
structure. The geometrical e↵ects include the change in
the survey volume element and the angular diameter dis-
tance that modifies the implied X-ray mass information.

• Sunyaev-Zeldovich (SZ) effect: inverse Compton scattering of CMB photons 
on hot cluster gas distorts CMB spectrum


• Cluster abundance vs. redshift sensitive to dark energy equation of state


• Cross-correlation with DES possible to further improve dark energy 
constraints

SPT-SZ 1603.06522

23



Projected Constraints for SPT-3G

• SPT-3G will significantly improve CMB lensing constraints 
relative to Planck and SPTpol


• σ(Σmν) ~ 0.06 eV achievable in combination with BAO and Planck


• Begins to probe inverted hierarchy of neutrino masses 24



Pairwise Kinematic Sunyaev-Zeldovich Effect

• Doppler shift imparted on 
CMB photons from scattering 
on galaxy cluster with net 
bulk velocity


• Pairs of clusters tend to fall 
toward each other, producing 
pattern in CMB as function of 
separation


• Combines SPT maps with 
DES redshift data


• Lower cluster mass threshold 
in SPT-3G will increase 
sensitivity to 20-50σ

4.2σ detection significance

Soergel, et al. (1603.03904)
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