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Planck Temperature Map

30μK rms fluctuation on a 3K blackbody �3

Typical angular size of
fluctuations: ≤ 1 deg



Planck Temperature Map
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The South Pole 
Telescope (SPT)

photo credit: Jason Gallicchio

• Unique 10 m primary 
mirror, largest of its kind


• resolution of 1.0 to 1.5 
arcmin, highest resolution 
CMB maps


• South Pole is an excellent 
site:

• dry

• extremely stable 

atmosphere

• 24/7 access to the same 

clean patches of sky 
(“relentless” observing)
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SPT-3G: A New Camera for SPT
10x more detectors

15,000 detectors at 95, 150, 220 GHz

w/polarization

45 cm

sinuous antenna

inline triplexer

150 GHz 
bolometer

220 GHz 
bolometer

95 GHz 
bolometer

New optics with 2x 
throughput

3-color pixel architecture
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SPT-3G Collaboration



Made in ChicagolandTM

Fermilab

Argonne

Chicago

KICP

Cryostats, prototyping, 
final integration

Detector fabrication, readout 
electronics development

Design and detector testing
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SPT-3G Survey and Sensitivity

Obs. Years Area 
(deg2)

95 GHz 
(uK-arcmin)

150 
(uK-arcmin)

220 
(uK-arcmin)

SPT-SZ 2007-11 2500 40 17 80

SPTpol-
Main 2012-16 500 13 5 -

SPTpol-
Deep 2012-16 100 10 3.5 -

SPT-3G 
projected

)

2018-23 1500 2.7 2.2 8.8

• Started observing 1500d field in March of 2018


• Overlaps with BICEP/Keck patch of sky—good 
for delensing


• Overlaps with Dark Energy Survey (DES)—good 
for cross-correlation analyses

�9

IRAS dust map



SPT-3G Survey and Sensitivity

Obs. Years Area 
(deg2)

95 GHz 
(uK-arcmin)

150 
(uK-arcmin)

220 
(uK-arcmin)

SPT-SZ 2007-11 2500 40 17 80

SPTpol-
Main 2012-16 500 13 5 -

SPTpol-
Deep 2012-16 100 10 3.5 -

SPT-3G 
projected

)

2018-23 1500 2.7 2.2 8.8

• Started observing 1500d field in March of 2018


• Overlaps with BICEP/Keck patch of sky—good 
for delensing


• Overlaps with Dark Energy Survey (DES)—good 
for cross-correlation analyses

�9

BICEP

IRAS dust map
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SPT-3G 2018 E Modes
Q polarization map

High-pass filtered ℓ > 300

Q
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SPT-3G 2018 E Modes
Q polarization map

High-pass filtered ℓ > 300

Q

U polarization map

High-pass filtered ℓ > 300

U

�10



SPT-3G 2018 E Modes

• Work in progress! Still needs point source masking, mode-coupling, beam, improved 
transfer function from simulations, etc.


• AND 2019 data so far already deeper than entire 2018 dataset

Knox error bars

Daniel Dutcher

(Chicago)
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The CMB-S4 Concept
• Endorsed by DOE/NSF P5 report, NRC/NSF Antarctic Science report, Concept Definition 

Taskforce (CDT) report accepted by AAAC panel

• Concept: 

• 400,000 detectors split between 3x 6m-aperture, ~18x 0.5m-aperture telescopes

• Two sites: South Pole + Atacama in Chile

• Two surveys: Inflation survey (3-8% sky) + neutrinos and cross-correlation (40% sky)

• FY 2027

Figure: Mark Devlin / Mike Niemack Figure: BICEP Array
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Small aperture: inflationary B 
modes

3-m diameter, 9000 lbs  
Dilution fridge cryostat  
~100,000 TES detectors

Large aperture: delensing, neutrinos, high-
resolution science

Simons Observatory LAT BICEP Array



CMB-S4 Science

+ much more ancillary science! �13



CMB-S4 Outlook

• Now-2022: Design and prototyping of detectors, readout 
electronics, and optics


• Viable detector, readout, optics technologies demonstrated by 
Stage-3 experiments


• Challenge is to scale to 50x detectors on 20x telescopes!


• At a scale that can only be coordinated by the DOE labs—tight 
ongoing collaboration between Fermilab, ANL, LBL, and SLAC


• 2022-2027: Construction, integration, commissioning


• 2027: Start of science operations
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Summary

photo: Joshua Montgomery

• SPT-3G is deployed and operating at full sensitivity


• 1500 sq deg survey is well underway and will continue 
for 5 years


• Many exciting analysis opportunities, especially in 
combination with other surveys


• CMB-S4 is next!
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Experimental Approaches

Large aperture 
(5 m ~ 10 m)

Small aperture 
(~ 0.5 m)

cost / scalability expensive cheap

systematics control harder easier

resolution high (~1 arcmin) low (~ 30 arcmin)

science targets neutrino mass, light relics, 
astrophysics, inflation* inflation

primary optics reflecting refracting
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SPTpol 500d Lensing

Kimmy Wu (Chicago), et al. (1905.05777)

• Gravitational lensing of 
CMB photons deflects 
paths by ~2 arcmin, 
coherently over degree 
scales


• Correlates previously 
uncorrelated Fourier 
modes


• Reconstruct map of 
integrated gravitational 
potential between us and 
CMB
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Primordial B Modes

• Inflation produces a background of 
gravitational waves that persist 
through recombination


• “Primordial B modes” are produced 
only by these gravitational waves


• Unambiguous evidence for inflation


• Signals peaks on degree scales with 
amplitude proportional to r “tensor-
to-scalar” ratio


• “Lensing B modes” produced by 
gravitational lensing that distorts E 
modes into B modes

TT

EE BB lensing

BB inflationary

r = 0.1
r = 0.01
r = 0.001

Peaks at 2 degree scales

�18

Peaks at 0.2 degree scales



Neutrino Mass: Matter Power Spectrum
3.3 Cosmological Measurements of Neutrino Mass 53
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Figure 2–3: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01 h Mpc�1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.

20

Figure 14. The e↵ect of massive neutrinos on the matter power spectrum and CMB lensing power
spectrum. Top Left: The e↵ect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on ⌦⌫h
2 is a reflection of the lower limit on the sum of the masses,

P
m⌫ & 58 meV, that

is determined from neutrino oscillation experiments [277]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

P
m⌫ = 58meV (or

⌦⌫h
2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through

which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.

CMB-S4 Science Book
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also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
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CMB-S4 Science Book

• Sum of neutrino 
masses affect 
growth of structure 
in universe 

• Clustering of matter 
suppressed at scales 
< 100 MPc


• ~5% suppression per 
0.1eV in total mass 


• Lower limit from 
oscillations: 

�
mν > 0.06eV

�19

CMB-S4 science book

oscillations depend on squared mass 
differences, not absolute mass scale



Neutrino Mass and Gravitational Lensing

• Trajectories of CMB photons distorted by 
large-scale structure


• Angular scale of deflection ~2 arcmin, 
coherent over ~2 deg


• Reconstruct the projected gravitational 
potential between us and CMB

CMB probes matter power spectrum and neutrino mass
�20



Light Relics: Neff
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Figure 21. Contribution to Ne↵ from a massless field that was in thermal equilibrium with the Standard
Model at temperatures T > TF . For TF � mtop, these curves saturate with �Ne↵ > 0.027. The dashed
and solid grey lines correspond to the 1� and 2� sensitivity of Planck, using �(Ne↵) = 0.23. Temperatures
in the grey region correspond to the QCD phase transition.

thermal relic with g independent spin states is

�Ne↵ =

( 4g
7

⇣
43/4

g
relic freeze�out
?

⌘4/3
Boson

g

2

⇣
43/4

g
relic freeze�out
?

⌘4/3
Fermion .

(4.2)

The order of magnitude di↵erence in �Ne↵ before and after the QCD phase transition comes from an order
of magnitude drop in g? below the QCD scale. At temperatures well above to top mass, the Standard Model
gives g? = 106.75. We can then see from Eq. (4.2) that the minimum value of �Ne↵ for a single real scalar
is 0.027, for a Weyl fermion is 0.047, and for a light vector boson is 0.054.

Even a measurement of Ne↵ which agrees with the Standard Model prediction to high precision would
be very interesting due to the constraints it would place on physics beyond the Standard Model. Some
specific implications for sterile neutrinos, axions, and other popular models will be discussed below. Broadly
speaking, constraining �Ne↵ at the 10�2 level would constrain or rule out a wide variety of models that are
consistent with current cosmological, astrophysical, and lab-based constraints. Furthermore, because of the
sharp change in �Ne↵ at the QCD phase transition, the improvement from current constraints to projections
for CMB-S4 can be quite dramatic.

For the minimal scenario of a single real scalar, reaching �(Ne↵) ⇠ 1 ⇥ 10�2 would push the constraint on
freeze-out temperatures from electroweak scale to the reheat temperature. This broad reach to extremely
high energies and very early times demonstrates the discovery potential for a precision measurement of Ne↵

with the CMB. Furthermore, the CMB power spectrum has the ability to distinguish among certain types
of dark radiation based on the behavior of its density perturbations [387, 388]. This point will be discussed
further below.

CMB-S4 Science Book

• Any light particle in thermal 
equilibrium contributes to 
relativistic energy density 
(~Neff)


• Standard model Neff = 3.046


• After decoupling, 
contribution is diluted 
relative to neutrinos as 
Standard Model particles 
annihilate


• But there is a minimum 
contribution corresponding 
to freeze out above the top 
quark mass

CMB-S4 science book

Planck measurement:
Ne↵ = 2.99± 0.17
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