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Temperature Anisotropy from Planck

What is left to do? �2
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• Thomson scattering in with quadrupole anisotropy


• E-modes: sourced by scalar (density) perturbations


• B-modes: sourced by gravitational lensing of E-modes 
+ tensor fluctuations due to inflationary gravitational 
waves �3
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1.2 CMB-S4 Design Considerations 3

Figure 1. Current measurements of the angular power spectrum of the CMB temperature and polarization
anisotropy. The horizontal axis is scaled logarithmically in multipole ` left of the vertical dashed line (` < 30)
and as `0.6 at higher multipole. Best-fit models of residual foregrounds plus primary CMB anisotropy power
for TT datasets are also plotted. To illustrate the expected improvements with CMB-S4, the projections for
a strawman instrumental configuration are shown in grey (binned with �` = 5 for TT and EE spectra and
�` = 30 for BB) for a ⇤CDM with r = 0 cosmological model.

shift space distortions, weak lensing, galaxy and galaxy cluster surveys, Lyman-alpha forest measurements,
local determinations of the Hubble constant, observations of type Ia SNe, and others. The CMB primary
anisotropy measurements provide highly complementary data for the combined analysis; by providing a
precision measurement of the Universe at z = 1100, the CMB data leads to tight predictions for measurements
of the late time Universe for any adopted cosmological model—measurements of the Hubble constant, the
BAO scale, and the normalization of the present day matter fluctuation spectrum being excellent examples.
Secondary CMB measurements provide late-time probes directly from the CMB measurement, e.g., CMB
lensing, the SZ e↵ects and SZ cluster catalogs, which will provide critical constraints on the standard
cosmological models and extensions to it. The cosmological reach of future cosmological surveys at all
wavelengths will be greatly extended by their joint analyses with secondary CMB anisotropy measurements.

1.2 CMB-S4 Design Considerations

The CMB-S4 science goals, as outlined in the executive summary, and detailed in the following chapters, lead
to several general aspects of the instrument design. We briefly summarize the general design considerations
below.

CMB-S4 Science Book

Motivation

�4

CMB-S4 Science Book 1610.02743
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Instrument requirements: 
high detector count 

arcmin angular resolution 
broad frequency coverage



South Pole Telescope
• 10 m primary mirror

• 1.3 arcmin angular resolution at 150 GHz, highest resolution CMB maps

• South Pole is excellent site for CMB observations: high altitude, dry, extremely 

stable atmosphere

photo credit: Jason Gallicchio
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Planck
143 GHz
50 deg2

The moon 
(for scale)
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SPT
150 GHz
50 deg2

finer angular 
resolution
deeper on a 
fraction of the 
sky

The moon 
(for scale)
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South Pole Telescope
• 10 m primary mirror

• ~1 arcmin angular resolution, highest resolution CMB maps

• South Pole is excellent site for CMB observations: high altitude, dry, extremely 

stable atmosphere
SPT-SZ (2007)

960 detectors at 95, 150, 220 GHz

SPTpol (2012)

1500 detectors at 90, 150 GHz w/polarization

photo credit: Jason Gallicchio
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SPT-3G (2017)

15,000 detectors at 90, 150, 220 GHz

w/polarization

45 cm
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SPT-3G (2017)

15,000 detectors at 90, 150, 220 GHz

w/polarization

45 cm

complete redesign of everything 
except primary structure:


• secondary optics

• detectors

• readout electronics

• software



SPT-3G: Multichroic Pixels

sinuous antenna

inline triplexer

150 GHz 
bolometer

220 GHz 
bolometer

95 GHz 
bolometer

• 3 frequency bands per pixel: enables higher detector 
packing density within focal plane


• Bands at 95, 150, 220 GHz help mitigate foregrounds from 
dust, enable SZ cluster science �9

2017: dashed

2018: solid

5 mm



Deployment and 2018 Upgrades

�10

2. Improved optical efficiency: 
Replaced AR coatings of lenses 
(efficiency now ~40-45% at 150 GHz)


3. Reduced readout noise: Replaced 
SQUID amplifiers and modified 
electronics to match detector 
impedance

• First deployed in early 2017

• Major upgrades in early 2018:


1. More sensitive detectors: 
new detectors with lower 
saturation power



2018 Performance

• 11,000 operational detectors (~75% 
yield)


• Photon-noise-dominated 
performance at 90, 150, 220 GHz, 
consistent with expectations


• 220 GHz NET is 1.5x expected, 
believed due to poor transmission in 
AR coatings of alumina surfaces

�11

band NET (array) 
[uK rtsec]

mapping speed 
(x SPTpol)

95 GHz 10 11 x

150 GHz 8 5 x

220 GHz 30 inf. x



500d Validation Maps

95 GHz

150 GHz

• 500d field observed early in 
2018 to validate detector 
performance


• Common structures and point 
sources visible in all three 
bands

�12

= 1 arcmin

Saturn
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Survey and Projected Depth

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

)

2018-22 1500 3.3 2.5 9.8

• Started observing 1500d field in March of 2018


• Overlaps with BICEP/Keck patch of sky. Good 
for delensing. 


• Overlaps with DES survey. Good for cross-
correlation studies.

�13



E-modes with SPTpol 500d
9

Fig. 3.— SPTpol 500 deg2 E-mode signal (top) and noise (bottom) maps. The Fourier transforms of the Q and U maps shown in Figure
2 are combined to form E modes, which are inverse Fourier transformed to generate an E-mode map. Both maps have been smoothed by
a 40 FWHM Gaussian.

input range is mixed by masking the map. This process
is repeated for each �` = 5 input range from 0 < ` < 500
to construct one realization of the mode-coupling matrix.
We make 400 realizations of the mode-coupling matrix in
this way and compare their average to the result of the
flat-sky analytical calculation at 0 < ` < 500. We find
that the two calculations are in good agreement, so we
proceed in using only the flat-sky analytical solution for
the mode coupling when unbiasing bandpowers.

4.4. Transfer Function

Our mapmaking procedure is a lossy process that does
not recover all modes of the true sky. We lose infor-
mation during time stream filtering, as well as when we
bin data into map pixels. In order to obtain an unbi-
ased estimate of the on-sky power spectrum, we must
determine what the loss is and account for it. In the
MASTER formalism, this loss is quantified by the filter-
ing transfer function FX

` , whereX 2 {TT,EE, TE}. We
calculate FX

` by creating 300 simulated skies, which we
process into spectra, replicating each step in the analysis
pipeline. We generate the sky realizations using the best-
fit theory of the plikHM TT lowTEB lensing Planck

18 J. W. Henning, J.T. Sayre, C. L. Reichardt, et al.

Fig. 8.— SPTpol 500 deg2 EE auto-correlation angular power spectrum. The solid gray lines are the best-fit ⇤CDM model to the
plikHM TT lowTEB dataset. The x-axis is scaled to `0.6. The top right inset has bandpowers scaled by an additional `2 to highlight
features at smaller angular scales. The lower inset highlights features at low multipole without the additional scaling. Error bars include
sample and noise variance. We plot residuals �D` to the plikHM TT lowTEB model in the subpanel.

et al. (2013), as well as to include TT measurements in
the SPTpol likelihood.

7.2. Foreground Parameterization

The primordial CMB EE and TE power spectra are
expected to be less contaminated by foreground power
than the temperature spectrum at small scales. For ex-
ample, C15 did not see any evidence of contamination
from polarized extragalactic source power after masking
the brightest ⇠10 sources over ⇠ 100 deg2, and the level
of EE power from Galactic dust expected in our sky
patch based on Planck Collaboration et al. (2016e) is a
factor of ⇠20 below our measured EE power in the low-
est ` bin. Nevertheless, we add parameters to our cosmo-
logical model to account for these two potential sources
of polarized power. We do not attempt to model con-
tributions from Galactic synchrotron emission because
we expect the polarized Galactic foreground power to be
dominated by dust at 150 GHz.

We introduce four parameters to model contributions
to the TE and EE spectra from polarized Galactic dust.
We assume the angular power spectrum of Galactic dust
follows the model of Planck Collaboration et al. (2016e),

DXY
`,dust = AXY

80

✓
`

80

◆↵XY +2

. (27)

Here AXY
80 is the amplitude of the spectrum in units of

µK2 at ` = 80 and ↵XY is the angular power dust spec-
tral index. As the SPTpol survey field overlaps the BI-
CEP2 field, we use the Planck constraints over the
BICEP2 patch corrected for the SPTpol 150GHz band-
pass to define priors on AXY

80 and ↵XY for generating the
simulations discussed in Section 4.4, which we summa-
rize in Table 3. We obtain a pessimistic expectation for
the TE dust amplitude by assuming that the tempera-
ture and E-mode dust spectra are 100% correlated and
taking the geometric mean of their amplitudes. During

E signal

E noise

Henning, et al. 1707.09353

• Detect first 9 acoustic peaks in EE


• Measured over 50 < l < 8000, most 
sensitive measurement to-date for l>1050


• Neff = 3.18 ± 0.28 (SPTpol+PlanckTT)

�14



Light Relics: Neff

• Neff parameter measures number 
of relativistic degrees of freedom 
at recombination


• Most constrained by phase of 
acoustic peaks in E-mode power 
spectrum


• Light thermal relics contribute a 
minimum of ΔNeff > 0.027, 
corresponding to decoupling 
above the top mass (assuming no 
heavier states)


• Very generic probe of BSM 
physics: axions, gravitinos, other 
light relics…

72 Light Relics

10�3 10�2 10�1 100 101 102 103 104

TF (GeV)

10�2

10�1

100

�
N

e�

Planck 2�

Planck 1�

Real Scalar

Weyl Fermion

Vector

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
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CMB Lensing with SPTpol & SPT-3G

SPTpol 500d, Mocanu, in prep. SPTpol 100d, Story

1412.4760

• Gravitational lensing of CMB photons 
deflects paths by ~2 arcmin


• Mixes E-modes into B-modes


• Combination of T and P information used 
to reconstruct lensing potential between 
us and the surface of last scattering


• SPT-3G will significantly improve existing 
lensing measurements

�16



Neutrino Mass

• Neutrino masses 
suppress growth of 
structure at small 
scales 

• CMB lensing power 
spectrum can be used to 
measure neutrino mass


• ~5% suppression per 
0.1eV in total mass 


• Lower limit from 
oscillations: 

�
mν > 0.06eV

�17

CMB-S4 science book

oscillations depend on mass differences 
not absolute mass scale
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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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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.
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we will be most interested in is whether a given probe is sensitive to the lower limit,

P
m⌫ = 58meV (or
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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.
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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.
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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.
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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.
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Delensing

• Inflationary B-modes are 
contaminated by lensing signal at 
small scales


• Can “subtract away” using high-
resolution E-mode measurement 
and lensing potential to estimate B-
modes. Method called delensing. 

• Can apply data from high resolution 
experiment to low-resolution 
experiment


• E.g. SPT is ideal delensing machine 
for BICEP/Keck!


• SPT can also delens itself internally
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Figure 2. Maps used for delensing the data. The filtered E-mode map Ē150 (left) is combined with a tracer of the CMB lensing potential

obtained from filtering the CIB �̂CIB (center) in Fourier space to obtain a template of the lensing B modes B̂lens (right). This template is
then subtracted from the B-mode data.

single amplitude Alens following K15. As in K15, this fit
is calculated from the two auto-spectra and the cross-
spectrum of di↵erent frequencies (5 bandpowers each,
for a total of 15 data points) using the variance of each
bandpower from noisy simulations. The amplitude of the
nominal bandpowers is denoted Alens; the amplitude of
the residual delensed bandpowers is denoted Ares

lens
.

We define the “delensing e�ciency” from this ampli-
tude as the percent of lensing power removed with the
delensing procedure:

↵ =
Alens � Ares

lens

Alens

. (10)

The e�ciency will approach one for perfect delensing and
zero for no delensing.

Finally, it is useful to consider the di↵erence between
the nominal and delensed bandpowers. This “spectrum
di↵erence” is defined as

�CBB
` ⌘ CBB

` � CBB,del
` (11)

and is the amount of power removed by delensing.

5. SIMULATIONS

This analysis and its interpretation depends critically
on an accurate and realistic suite of simulations. Sim-
ulated skies are formed from lensed CMB and fore-
ground emission components. These skies are then
passed through a “mock-observing” pipeline to simulate
the e↵ects of SPTpol observations and data processing.
This gives us an accurate and realistic suite of simula-
tions.

In Section 7 we use simulations to quantify the signif-
icance of our results and to test their robustness against
possible systematics in the data. These simulations are
used in Section 8 to separate out di↵erent factors af-
fecting delensing e�ciency and to understand where im-
provements in e�ciency can be expected in the future.

In this section, we first describe how the simulated
CMB and CIB skies are generated. We then discuss sev-
eral di↵erent simulated B-mode templates that will be
used to understand the delensing e�ciency.

5.1. Pipeline

We generate realizations of un-lensed CMB
anisotropies (T,Q,U) and the lensing potential from
the fiducial cosmological model. Our fiducial cos-
mology is the ⇤CDM model that best fits the 2015
plikHM TT lowTEB lensing dataset (Planck Col-
laboration et al. 2016a). The CMB skies are then lensed
using realizations of the lensing potential using Lenspix

(Lewis 2005). At this step, the lensed CMB skies and
lensing potential maps are projected directly into the
format of the 100d SPTpol map. The resulting “truth”
maps are referred to as Etrue, Btrue, and �true.

We next add a Gaussian realization of our foreground
model to each simulated CMB sky. The components of
this model are taken from measured values where known,
and upper limits otherwise. In the temperature skies we
add several components: the thermal Sunyaev-Zel’dovich
(tSZ), the clustered and unclustered components of the
CIB (dusty sources), and radio point sources (AGN). The
tSZ component is modeled by a tSZ power spectrum tem-
plate taken from Shaw et al. (2010) rescaled by AtSZ. We
use AtSZ = 4 µK2 for 150GHz and AtSZ = 12 µK2 for
95GHz (George et al. 2015). The other three sources are
modeled by power-laws in angular multipole ` space with
the form:

Di
`,source = Ai

source

✓
`

3000

◆p

,

where i 2 {150GHz, 95GHz} and D` = `(`+1)

(2⇡) C`. For

the clustered CIB term, we use p = 0.8 and A95GHz

CIB
=

0.56 µK2 and A150GHz

CIB
= 3.46 µK2 (George et al. 2015).

We neglect the correlation between these CIB compo-
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Delensing demonstration with SPTpol, Herschel data:
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The CMB-S4 Experiment

Bradford Benson | South Pole Telescope10/23/2017

The CMB-S4 Experiment

30

Strawman CMB-S4 configuration

11%m

e.g.,%6%meter%Diameter%Telescope
2.5!meter!Diameter!Focal!Plane!
with!100,000+!detectors

High%resolution%Science%+%de;lensing:%
300,000%Detectors%on%3;4%large%telescopes

Low%resolution%B;mode%Science:%
200,000%Det.%on%~12%small%telescopes

; 500,000%Detectors%%(Stage%3%experiments%have%~10,000%detectors)%
; ~8%Frequency%Bands%for%CMB%and%Foreground%Removal%
; Telescopes%sized%to%address%B;mode,%de;lensing%and%high;l%science

Figure from Mark Devlin / Mike Niemack Figure from BICEP Array

• Endorsed by DOE/NSF P5 report, NRC (NSF) Antarctic Science report, 
Concept Definition Taskforce (CDT) report accepted by AAAC panel
• CMB-S4 concept:

• 400,000 detectors split between 3x 6-m aperture, 14x 0.5-m aperture telescopes
• Two sites: Spread between Chile and South Pole
• Two surveys: Inflation survey on ~3-8% of sky, Cross-correlation survey on ~40% of sky.

• 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, 14x 0.5m-aperture telescopes

• Two sites: Split between South Pole and Atacama in Chile

• Two surveys: Deep survey on 3-8% of sky for inflationary B-modes, wide survey on 40% of 

sky for neutrinos and cross-correlation science

Figure: Mark Devlin / Mike Niemack Figure: BICEP Array �19



Conclusions and Outlook

• Successful deployment of upgrades at Pole in 2017 and 2018


• Started 1500d survey in early 2018, low-level analysis ongoing


• Interesting physics opportunities for neutrinos, light relics, 
inflation, and astrophysics


• Pathfinder instrument for ultimate ground-based CMB 
experiment: CMB-S4
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σ(r) σ(Neff) σ(Σmν)

Current CMB 0.05 0.3 0.17 eV

SPT-3G 0.01 0.10 0.10 eV

Stage 4: CMB-S4 0.001 0.027 0.015 eV



SPT-3G Collaboration

Funded by: 
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E- & B-modes with SPT-3G
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Calibrations: CenA

90 GHz 150 GHz 220 GHz

�24

= 1 arcmin = 1 arcmin = 1 arcmin



Calibrations: RCW38 & Saturn

90 GHz 150 GHz 220 GHz

RCW38
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SPT-3G: Optics

75 cm

• Completely redesigned 
optics provides larger 1.9deg 
diameter FOV


• Large focal plane area 
achieved with 75 cm 
diameter alumina lenses


• 3 observing bands requires 
broadband AR coatings: use 
3-layer plastic laminates, 
thermally stable to 4K. 
Challenging engineering 
problem!
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