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Two Probes of Neutrinos

Sum of neutrino masses (Σmν) Relativistic energy density (Neff)

Early Times Late Times

• Massive neutrinos suppress 
large-scale structure


• LSS imprinted on CMB via:


• Clusters of galaxies (SZ)


• Gravitational lensing of CMB

• Neutrinos, other light relics 
contribute to relativistic energy 
density at recombination


• Suppresses small-scale 
features in primary CMB

high-resolution measurements of CMB polarization 2



High-Resolution Ground-Based CMB

The POLARBEAR Experiment

• Dedicated CMB polarization 
experiment 

• Located on Cerro Toco at 5200 
meters in Atacama desert 

• First light January 2012 

• Now in third season of 
observations with POLARBEAR-1

Darcy Barron - UC San Diego - Measuring CMB polarization with POLARBEAR

Simons Array Advanced ACTPol SPT-3G

22,764 detectors

(95, 150, 220 GHz)


In deployment

15,000 detectors

(95, 150, 220 GHz)


Deployed 2017

5,612 detectors

(30, 40, 90, 150, 230 GHz)


Deployed 2016

2.5m 6m 10m
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High-Resolution Ground-Based CMB

The POLARBEAR Experiment

• Dedicated CMB polarization 
experiment 

• Located on Cerro Toco at 5200 
meters in Atacama desert 

• First light January 2012 

• Now in third season of 
observations with POLARBEAR-1

Darcy Barron - UC San Diego - Measuring CMB polarization with POLARBEAR

Simons Array Advanced ACTPol SPT-3G

22,764 detectors

(95, 150, 220 GHz)


In deployment

15,000 detectors

(95, 150, 220 GHz)


Deployed 2017

5,612 detectors

(30, 40, 90, 150, 230 GHz)


Deployed 2016

2.5m 6m 10m• Unique 10 m primary mirror, 
largest of its kind


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


• 24-hour observing during 
polar winter enables 
continuous deep integration
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South Pole Telescope
SPT-SZ (2007)

960 detectors at 95, 150, 220 GHz

SPTpol (2012)

1500 detectors at 95, 150 GHz

w/polarization

photo credit: Jason Gallicchio
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w/polarization

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

15,000 detectors at 95, 150, 220 GHz

w/polarization

45 cm
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SPT-3G Collaboration



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 3.0 2.2 8.8

•Started observing 1500d field in March of 2018


•Survey strategy optimized for CMB lensing 
reconstruction on field observed BICEP/Keck 
experiment


•SPT-3G / BICEP Array mainly targeting inflation via 
degree-scale B mode polarization…


•BUT can still constrain neutrino and cosmological 
parameters
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Science Targets: Neff
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

θsound

θdamping

Relative size of damping and 
sound horizon scales
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SPT-3G 2018 E Modes

• Work in progress! Many to-dos: mode-coupling, beam, improvements in filter transfer 
function from simulations, etc.


• Map depths (T) of 21 / 15 / 47 uK-arcmin in 95 / 150 / 220 GHz bands

Daniel Dutcher

(Chicago)
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Preliminary
Most sensitive measurement 
of CMB EE polarization over 

700 < l <1700



2019 Survey Status and Performance

2019 already > 2x 
deeper than 2018


(8.8 / 7.0 / 26 uK arcmin)
sunset 
2019
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SPT-3G Neff ForecastsSPT-3G EE Power Spectrum to Neff  Constraint  

https://arxiv.org/pdf/1907.04473.pdf

Standard Model 
Predicted value for 3 
neutrino species:
Neff = 3.046

Previous constraint from 
SPTpol + PlanckTT - 10 
σ confirmation of CνB: 
Neff= 3.54 ± 0.54 (Henning 
et al, ΛCDM+Yp+Neff)

20

Precision constraint of the energy density in relativistic and dark particles; search for deviations from 
Standard Model prediction

SPT-3G forecast ΔNeff = 0.1 (1𝜎) 

Planck constraint ΔNeff = 0.19 (1𝜎) 

Constraints and Forecasts for ΛCDM+Yp+Neff Cosmology 
• Any light particle in 

thermal equilibrium 
contributes to relativistic 
energy density (~Neff)


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


• Light sterile neutrinos 
with large mixing angles 
excluded


• 5-year constraint:  
σ(ΔNeff) = 0.1

freeze-out temperature
early timeslate times
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Neutrino Mass: Lensing

• 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
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CMB-S4 science book
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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.

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 [278]. 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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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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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 [278]. 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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Fig. 2.— Lensing  map reconstructed from the SPTpol 500 deg2 field data, smoothed by a 1-degree FWHM Gaussian to highlight the
signal-dominated modes. Top: The  map from the MV lensing estimator, which combines all temperature and polarization information.
Bottom:  maps from the temperature estimator (T, left) and from combining the polarization estimators EE and EB (POL, right). At
the angular scales shown, the POL estimator recovers the lensing potential with slightly higher S/N than the T estimator. Therefore, it
has higher weight in the MV combination and traces the fluctuations of the MV  map with higher fidelity.

We report our results in binned bandpowers. First, we
derive the per-bin amplitude as the ratio of the unbiased
lensing spectrum to the input theory spectrum:

AUVXY
b ⌘

C�UV �XY

b

C��,theory

b

, (11)

with the subscript b denoting a binned quantity. Cb is a
weighted average of the CL inputs for L inside the bound-
aries of the bin, with the weights w designed to maximize

signal-to-noise: wUV,XY
L = C��,theory

L /Var(C �̂UV �̂XY

L ).
We obtain the variance from the corresponding set of
simulation cross-spectra.

We report the bandpowers in lensing convergence ()
instead of the lensing potential �. The convergence field
is �1/2 of the divergence of the deflection field, which is
the gradient of the lensing potential � (Lewis & Challinor
2006):

 = �1

2
r2� . (12)

In Fourier space, they are related by L = �(L(L +
1))�L/2. The reported bandpowers are derived as the
product of the data amplitude Ab and the input theory
spectrum at bin center Lb,

Ĉ
Lb

⌘ (Lb(Lb + 1))2

4
Ab C��,theory

Lb
. (13)

The overall lensing amplitude for each estimator is cal-
culated identically as the per-bin amplitude in Eq. (11)
using the whole reported L range.

Di↵erences between the fiducial cosmology and the
cosmology of the SPTpol patch would produce di↵er-
ent measured lensing amplitudes. The cosmology depen-

dence enters through the N (1)

L bias. In this work, since we
choose a fiducial cosmology that is consistent with data,

we expect the di↵erence in the N (1)

L bias to be small.
To test this, we sample the lensing amplitude given the

fiducial cosmology with and without corrections to N (1)

L .

SPTpol Lensing Convergence
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K. Wu, et al. (1905.05777)

• Map of the magnification and demagnification of the CMB due 
to gravitational lensing


• Based on 3 seasons of SPTpol 500 deg2 survey 



SPTpol Lensing Power Spectrum
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Fig. 4.— Lensing convergence bandpowers estimated from SPTpol 500 deg2 field data. We show bandpowers from the MV, POL, and T
estimators. The POL and T bandpowers are shifted in L for clarity. The T and POL bandpowers are consistent with each other given the
errorbars of the bandpowers. The reconstruction noise of the POL estimator is lower than that of T for L . 600, and vice versa on smaller
angular scales. This provides a sense of the angular scales at which each estimator gives better S/N. The black solid line shows the lensing
convergence spectrum from the fiducial cosmology.

and with 10% uncertainty with the POL estimator. For
the T estimator, we measure the lensing amplitude with
12% uncertainty. Having chosen the same cuts in multi-
pole space for both the input temperature and polariza-
tion maps, this shows that the signal-to-noise per mode
in the input polarization maps are now high enough that
the POL estimators give more stringent measurements
of the lensing amplitude than the T estimator. In fu-
ture analyses, the T lensing spectrum is sample-variance
limited and cannot be improved by lowering the tem-
perature map noise levels. Instead, it can be improved
by including information from higher multipoles and/or
more sky area. However, lowering the noise levels of the
polarization maps can still improve the lensing measure-
ment from polarization estimators. Specifically, unlike

the temperature estimator, the N (0)

L of the EB estima-
tor is not limited by unlensed power in the map, because
there is little unlensed B mode power to contribute to

N (0)

L in the multipole range important for lensing recon-
struction. In addition to surpassing the measurement
uncertainty of the T lensing amplitude, considering sta-
tistical uncertainties alone, our POL lensing amplitude is
the most precise amplitude measurement (10.1 �) using
polarization data alone to date.

The systematic uncertainties for the MV and the POL
estimators are ⇠40% of their respective statistical uncer-
tainties, whereas the systematic uncertainty is subdomi-

nant for the T estimator compared to its statistical un-
certainty. For both the MV and the POL estimators, the
systematic uncertainty budget is dominated by the Pcal

uncertainty (Section 5.2). Including the systematic un-
certainties in the MV amplitude measurement, we mea-
sure AMV with 7% uncertainty.

We detect lensing at very high significance. From re-
constructing � using 400 unlensed simulations, the stan-
dard deviation of Aunl

MV
is 0.024. The observed amplitude

of AMV = 0.944 would thus correspond to a 39 � fluctu-
ation.

Compared to other ground-based measurements, our
result has the tightest constraint on the lensing ampli-
tude. In Figure 5, we show our lensing power spectrum
measurement against previous measurements. Our mea-
surement is consistent with the measurement by Omori
et al. (2017). In that work, they reconstruct lens-
ing using a combined temperature map from SPT-SZ
and Planck over the common 2500 deg2 of sky. They
measure the lensing amplitude to be 0.95 ± 0.06 rela-
tive to the best-fit ⇤CDM model to the Planck 2015
plikHM TT lowTEB lensing dataset (same as the fiducial
cosmology used in this work). The most recent lensing
analysis of all-sky Planck data found the best-fit lens-
ing amplitude to be 1.011 ± 0.028 against the Planck
2018 TTTEEE lowE lensing cosmology (Planck Collabo-
ration et al. 2018b). To compare our measurement to this
model, we refit our minimum-variance bandpowers and

K. Wu, et al. (1905.05777)

• Most precise measurement of lensing from polarization


• First time that polarization is more constraining than temperature



Neutrino Masses from SPTpol Lensing

• Lensing both smears acoustic peaks 
and generates lensing power spectrum


• ~2σ internal tension between two 
effects in Planck, but not in SPTpol


• Two implications:


• Including Planck or SPTpol lensing 
weakens limit


• Using SPTpol TEEE instead of 
Planck TT significantly weakens 
limit


• Marginalizing over tension (free AL), 
Planck and SPTpol lensing constraints 
are comparable

F. Bianchini, K. Wu, et al. (arXiv:[1-2 weeks!])
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Figure 5. The CMB lensing and primary CMB power spec-
tra are sensitive to the lensing e↵ects in di↵erent ways. The
acoustic peaks smoothing induced by lensing on Planck pri-
mary CMB favours models with AL > 1. When the peak
smearing information has been marginalized over, the ampli-
tude of the lensing trispectrum relative to the best-fit ⇤CDM
parameters is consistent with expectations independently of
the dataset combination. The results based on the SPT-SZ
+ Planck lensing map from Omori et al. (2017) presented
in Simard et al. (2018) are also consistent with the SPTpol
constraints.

AL ⇥ A
��
L = 0.995 ± 0.090 SPTpol Lensing, (21)

AL ⇥ A
��
L = 1.076 ± 0.063 Planck Lensing, (22)

These values show that both lensing datasets appear642

consistent with the cosmological parameters implied by643

the 2-point function, once peak-smearing e↵ects are644

marginalized over. Finally, the SPTpol lensing dataset645

is also consistent with ⇤CDM expectations even when646

Planck primary CMB is replaced with SPTpol TEEE:647

AL ⇥ A
��
L = 1.036 ± 0.136 SPTpol Lensing, 68%.

(23)
The individual constraints on AL and A

��
L when both648

are allowed to vary are summarized in Tab. 3. Note how649

both Planck and SPTpol preferences for AL 6= 1 are650

preserved even when A
��
L is included as an additional651

parameter. This demonstrates that the driver of AL652

best-fit values is the features in the 2-point spectrum.653

3.7. Massive neutrinos654

We now turn to examine what CMB lensing mea-655

surements tell us about fundamental physics, specifi-656

cally about neutrinos properties. Despite the fact that657

neutrino oscillation measurements have established that658

neutrinos are massive, their absolute mass scale and the659

relative ordering of the mass eigenstates - the so-called660

neutrino hierarchy - are still largely unknown. Neutrino661

oscillation experiments are sensitive to the squared mass662

di↵erences and suggest that the sum of the neutrino663

masses is
P

m⌫ > 58 meV in the normal hierarchy and664

> 100 meV in the inverted hierarchy (de Salas et al.665

2017, and references therein). Interestingly, the current666

generation of long baseline neutrino oscillation exper-667

iments such as T2K9 and NO⌫A10, which are mostly668

sensitive to the mass hierarchy, have found a mild pref-669

erence for the normal hierarchy (Abe et al. 2017; Acero670

et al. 2019).671

In the context of neutrino studies, cosmological ob-672

servations greatly complement laboratory measurements673

as they enable a constraint of the sum of the neutrino674

masses (e.g., Vagnozzi et al. 2017). In particular, the675

CMB lensing potential power spectrum is sensitive to676 P
m⌫ since massive neutrinos suppress the growth of677

structure below the neutrino free-streaming length, re-678

sulting in a scale-dependent suppression of C
��
L .679

Let us first look at the constraints on
P

m⌫ from680

primary CMB alone. Planck constrains the sum of681

the neutrino masses to
P

m⌫ < 0.69 eV at 95% level682

(PlanckTT + lowP). This upper limit can be further683

improved by adding data on the BAO scale, as the low684

redshift information allows us to break parameter de-685

generacies, for instance between
P

m⌫ and H0. With686

this setup, we obtain
P

m⌫ < 0.20 eV (95%), which687

is shown by the black solid line in Fig. 6 (for the re-688

mainder of this subsection we always include BAO data689

unless otherwise stated). As mentioned in Sec. 3.6, the690691

amount of lensing inferred from primary CMB is larger692

than the one directly measured through the amplitude of693

the lensing power spectrum. Therefore, the constraints694

on
P

m⌫ from primary CMB alone (+BAO) are tighter695

when CMB lensing is not included. This is because in-696

creasing the neutrino mass corresponds to a decrease in697

the acoustic peak smearing expected within ⇤CDM.698

In fact, after the inclusion of CMB lensing information699

we obtain:700

X
m⌫ < 0.23 eV (PlanckTT + lowP + BAO

+SPTpol lensing, 95%),

(24)

9
https://t2k-experiment.org/

10
https://novaexperiment.fnal.gov/
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Neutrino Masses from SPTpol Lensing
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and generates lensing power spectrum


• ~2σ internal tension between two 
effects in Planck, but not in SPTpol


• Two implications:


• Including Planck or SPTpol lensing 
weakens limit


• Using SPTpol TEEE instead of 
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• Marginalizing over tension (free AL), 
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Figure 5. The CMB lensing and primary CMB power spec-
tra are sensitive to the lensing e↵ects in di↵erent ways. The
acoustic peaks smoothing induced by lensing on Planck pri-
mary CMB favours models with AL > 1. When the peak
smearing information has been marginalized over, the ampli-
tude of the lensing trispectrum relative to the best-fit ⇤CDM
parameters is consistent with expectations independently of
the dataset combination. The results based on the SPT-SZ
+ Planck lensing map from Omori et al. (2017) presented
in Simard et al. (2018) are also consistent with the SPTpol
constraints.

AL ⇥ A
��
L = 0.995 ± 0.090 SPTpol Lensing, (21)

AL ⇥ A
��
L = 1.076 ± 0.063 Planck Lensing, (22)

These values show that both lensing datasets appear642

consistent with the cosmological parameters implied by643

the 2-point function, once peak-smearing e↵ects are644

marginalized over. Finally, the SPTpol lensing dataset645

is also consistent with ⇤CDM expectations even when646

Planck primary CMB is replaced with SPTpol TEEE:647

AL ⇥ A
��
L = 1.036 ± 0.136 SPTpol Lensing, 68%.

(23)
The individual constraints on AL and A

��
L when both648

are allowed to vary are summarized in Tab. 3. Note how649

both Planck and SPTpol preferences for AL 6= 1 are650

preserved even when A
��
L is included as an additional651

parameter. This demonstrates that the driver of AL652

best-fit values is the features in the 2-point spectrum.653

3.7. Massive neutrinos654

We now turn to examine what CMB lensing mea-655

surements tell us about fundamental physics, specifi-656

cally about neutrinos properties. Despite the fact that657

neutrino oscillation measurements have established that658

neutrinos are massive, their absolute mass scale and the659

relative ordering of the mass eigenstates - the so-called660

neutrino hierarchy - are still largely unknown. Neutrino661

oscillation experiments are sensitive to the squared mass662

di↵erences and suggest that the sum of the neutrino663

masses is
P

m⌫ > 58 meV in the normal hierarchy and664

> 100 meV in the inverted hierarchy (de Salas et al.665

2017, and references therein). Interestingly, the current666

generation of long baseline neutrino oscillation exper-667

iments such as T2K9 and NO⌫A10, which are mostly668

sensitive to the mass hierarchy, have found a mild pref-669

erence for the normal hierarchy (Abe et al. 2017; Acero670

et al. 2019).671

In the context of neutrino studies, cosmological ob-672

servations greatly complement laboratory measurements673

as they enable a constraint of the sum of the neutrino674

masses (e.g., Vagnozzi et al. 2017). In particular, the675

CMB lensing potential power spectrum is sensitive to676 P
m⌫ since massive neutrinos suppress the growth of677

structure below the neutrino free-streaming length, re-678

sulting in a scale-dependent suppression of C
��
L .679

Let us first look at the constraints on
P

m⌫ from680

primary CMB alone. Planck constrains the sum of681

the neutrino masses to
P

m⌫ < 0.69 eV at 95% level682

(PlanckTT + lowP). This upper limit can be further683

improved by adding data on the BAO scale, as the low684

redshift information allows us to break parameter de-685

generacies, for instance between
P

m⌫ and H0. With686

this setup, we obtain
P

m⌫ < 0.20 eV (95%), which687

is shown by the black solid line in Fig. 6 (for the re-688

mainder of this subsection we always include BAO data689

unless otherwise stated). As mentioned in Sec. 3.6, the690691

amount of lensing inferred from primary CMB is larger692

than the one directly measured through the amplitude of693

the lensing power spectrum. Therefore, the constraints694

on
P

m⌫ from primary CMB alone (+BAO) are tighter695

when CMB lensing is not included. This is because in-696

creasing the neutrino mass corresponds to a decrease in697

the acoustic peak smearing expected within ⇤CDM.698

In fact, after the inclusion of CMB lensing information699

we obtain:700

X
m⌫ < 0.23 eV (PlanckTT + lowP + BAO

+SPTpol lensing, 95%),

(24)

9
https://t2k-experiment.org/

10
https://novaexperiment.fnal.gov/
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SPT-3G Neutrino Mass Forecasts
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SPT–3G + Planck
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TT

• Complementary constraints from 
galaxy clusters and CMB lensing


• SPT-3G clusters:             
σ(Σmν) = 55 meV


• SPT-3G lensing + Planck: 
σ(Σmν) = 60 meV


• SPT-3G lensing + Planck 
lensing + DESI BAO:       
σ(Σmν) = 38 meV


• Minimal masses:


• σ(Σmν) ≥ 58 meV (normal)


• σ(Σmν) ≥ 116 meV (inverted)

K. Aylor
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Wide-Field Summer Survey

• Sensitivity to cosmological parameters 
tends to improve with increasing sky 
coverage


• Main 1500d field is sun-contaminated 
during summer, but >3000 sq. deg. of 
additional clean sky available


• Concept demonstrated with SPTpol 
Extended Cluster Survey (Bleem, et al. 
(arXiv:[this week!])


• Planning shallow survey for 4 
summers 2019-2023, 3mo/year 

• Forecasts sensitive to summer 
instrument performance and in-progress, 
but should improve cosmological 
parameters over 1500d alone

SPTpol Extended Cluster Survey 5

22h 6h
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10h 14h

SPT-ECS 
SPTpol	500d	
SPT-SZ	
DES

Figure 1. Footprint of the SPTpol Extended Cluster Survey (dark blue) as compared to the SPT-SZ (orange) and SPTpol
500d survey (light blue). Optical-near infrared imaging from the Dark Energy Survey (green-dashed region) covers ⇠ 58% of
the survey footprint and is used to confirm a significant number of survey clusters presented in this work. The survey outlines
are overlaid on the IRAS 100 µm dust map (Schlegel et al. 1998) with the orthographic projection chosen such that the South
Celestial Pole is at the top of the globe.

Beyond DES, SPT-ECS also has significant overlap with the southern field of the Kilo-Degree Survey, the Herschel–ATLAS
survey, and the 2dFLenS spectroscopic survey.

This process is repeated until the full field is covered in285

a complete “observation”. Each field was observed > 80286

times and twenty di↵erent dithered elevation starting287

points were used to provide uniform coverage in the fi-288

nal coadded maps.289

2.2. Data Processing290

The data processing and map-making procedures in291

this work follow closely those in previous SPT-SZ and292

SPTpol publications (see e.g., Scha↵er et al. 2011; Bleem293

et al. 2015b; Crites et al. 2015; Henning et al. 2018).294

First, for each observation, the time-ordered bolometer295

data (TOD) is corrected for electrical cross talk between296

detectors and a small amount of bandwidth (⇠ 1.4 Hz297

and harmonics) is notch filtered to remove spurious sig-298

nals from the pulse tube coolers that cool the optics and299

receiver cryostats. Next, using the cut criteria detailed300

in Crites et al. (2015), detectors with poor noise per-301

formance, poor responsivity to optical sources, and/or302

anomalous jumps in TOD, are removed. As this work303

is focused on temperature-based science we relax the304

requirement that both bolometers in a pixel polariza-305

tion pair be active for an observation. Relative gains306

across the array are then normalized using a combina-307

tion of regular observations of both an internal calibrator308

source and the galactic HII region RCW38. For the first309

field observed in the survey—ra23hdec�351—the in-310

ternal calibrator was inadvertently disabled during sum-311

mer maintenance for ⇠ 50% of the observations and so312

these data were relatively calibrated only with RCW38313

observations.314

The TOD is then processed on a per-azimuth scan315

basis by fitting and subtracting a seventh-order Legen-316

dre polynomial, applying an isotropic common mode fil-317

ter that removes the mean of all detectors in a given318

frequency, high-passing the data at angular multipole319

` = 300 and low-passing the data at ` = 20, 000.320

Sources detected in preliminary map making runs at321

� 5� (⇠ 9 � 15 mJy depending on field depth) at 150322

GHz as well as bright radio sources detected in the Aus-323

tralia Telescope 20-GHz Survey (AT20G; Murphy et al.324

2010) at the edges of the field are masked with a 40 ra-325

dius during these filtering steps. The SPT-ECS also con-326

tains a small number of sources with extended mm-wave327

emission (see §3.2) and more conservative masks around328

1 SPT fields are named for their central coordinates.
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Wide-Field Summer Survey

• Sensitivity to cosmological parameters 
tends to improve with increasing sky 
coverage


• Main 1500d field is sun-contaminated 
during summer, but >3000 sq. deg. of 
additional clean sky available


• Concept demonstrated with SPTpol 
Extended Cluster Survey (Bleem, et al. 
(arXiv:[this week!])


• Planning shallow survey for 4 
summers 2019-2023, 3mo/year 

• Forecasts sensitive to summer 
instrument performance and in-progress, 
but should improve cosmological 
parameters over 1500d alone

SPT-SZ 
SPTpol 500d 
SPT-3G 1500d 

600 deg2

2500 deg2
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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: Split between South Pole and Atacama in Chile

• Two surveys: Inflation survey on 3-8% sky, neutrinos and cross-correlation on 40% 

sky

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



Summary and Outlook

photo: Joshua Montgomery

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


• 1500 deg2 survey is underway and will continue for 5 
years


• Steady improvement will occur in cosmological 
constraints on neutrino masses and Neff


• Longer term, experiments like SO and S4 will provide 
ultimate ground-based constraints
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