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Cerro Toco  
5190 metres in the Atacama Desert

CMB at Atacama

https://en.wikipedia.org/wiki/Cerro_Toco


Why CMB Observations From Chile?

Large Surveys:
(1)Access to Large Low Foreground Regions
(2) Overlap with optical surveys
(3) Overlap with ALMA

Foreground + optical survey coverage map
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Moore’s law for CMB surveys4 Conclusions 21
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 6. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors.

consequence, the fundamental production unit for TES devices are arrays of detectors (see Fig. 8), an
important attribute when considering the production of the 500,000 detectors required by CMB-S4. Second
TES devices are low-impedance (1 ⌦) and can be multiplexed with modern-day Superconducting QUantum
Interference Device (SQUID) multiplexers [96, 97, 98]. Multiplexed readouts are important for operating
large detector arrays at sub-Kelvin temperatures and are essential for CMB-S4. Lastly, TES detectors have
been successfully deployed as focal planes at the forefront of CMB measurements.

The TES was invented by HEP for detecting Dark Matter and neutrinos. Its subsequent integration into
CMB focal planes has enabled kilo-pixel arrays realizing the Stage II CMB program and ushering in an
era of unprecedented sensitivity. TES-based CMB detectors are the favored technology among Stage II
and proposed Stage III experiments, and have a clear path to the sensitivities required by CMB-S4. The
ubiquity of TES detectors for CMB illustrates the direct connection between HEP-invented technology and
CMB science.

The CMB-S4 Experimental Program

Delivering a half-million background-limited bolometers necessitates a change in the execution of the US
ground-based CMB program. The current US program consists of a number of independent (primarily

Community Planning Study: Snowmass 2013

Abazajian+ 2014
(CMBS4 Snowmass 

white paper)

AdvACT
SPT3g

Simons Array

Simons 
Observatory



ALMA

ACT

CLASS

Simons ArrayExisting

Notional Pads for Simons Observatory Phase 2 and CMB S4

Simons Observatory

Notional Simons Observatory Phase 1 

Power
Control Vehicles

• Merger of ACT and Polarbear/
Simons Array teams
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Simons Observatory
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The Simons Observatory  



San Diego three weeks ago
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San Diego three weeks ago

Challinor Page Coulton
van Engelen

Meerburg

Schaan

Sherwin
Ferraro

Not pictured: Aiola, Duivenvoorden, Freese, Gerbino, Gudmundsson, Ho
(apologies to anyone I missed) 

SO Members here this week: 14+



Simons Observatory Timeline

• 2016-17: Planning and technology development

• 2016-18: Logistical upgrades to the site infrastructure

• By end of 2020: Construction and installation of 
telescopes

• By end of 2020: Production of new CMB-S4-type 
receivers with partially filled focal planes

• 2021 and beyond: Observing!



The Simons Observatory is a 
Stepping Stone to CMB-S4 in 

Chile

• Technology, Theory and Analysis Development
• Detectors, Optics, Telescopes, Receivers, Simulations, Software.

• Development complements CMB-S4 funding from DOE and NSF
• S4-capable telescopes and receiver prototypes for Chile
• Accelerate the S4 process and benefit the entire S4 community.



• Multiple 
telescopes, each 
with a single set of 
multichroic bands

• Include HWP (see 
Lyman’s talk)

• Up to 8 bands 
between 30 - 300 
GHz — details 
TBD

11

Small-aperture telescopes
Two possible configurations

2-refractor setup crossed Dragone setup

45 cm 45 cm



• 1’.5 - 1’.8 res at 150 GHz  
=> 5+ metre aperture

• Up to 8 bands between 30 - 280 
GHz — details TBD

12

5 m Cross Dragone

Three Mirror Anastigmat

10 m

Gregorian

Design Considerations:
• FWHM 1.8’ (subject to change)
• Focal plane

• Image Quality
• Focal Plane Area
• Net telescope sensitivity 

• Cost/buildability
• Camera placement/access
• Co-moving ground shield/baffles 

Large Telescope 

See Optics Break Out Session

“What measurement has few 
eyes in the morning, many at 
noon and one in the evening?”

Site design is underway in 
consultation with CONICYT 
and site neighbors.

CLASS

ACT

PB/SA

Large-aperture telescope

One possible configuration!
Choices are currently under consideration.

Space for future upgrades

Niemack 2015



Science goals
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• Be able to test isotropy, frequency spectrum, scale 
dependence of any signal

- Several patches of sky at fsky = few % (deep)

Figure 2. Left panel: Angular power spectra showing primordial B modes, lensing B modes,
total intensity, and E modes, as well as the total contribution of polarized B-mode foregrounds
(dust plus synchrotron), expected on the cleanest 1–90% of the sky, at 100 and 200 GHz. Note
that, as these results are derived from Planck ’s Galactic masks and are not therefore optimized for
high-resolution, ground-based instruments, there is potential for discovery of small patches of sky
(e.g., f

sky

. 5%) cleaner than those indicated here. Right panel: The ratio of power spectra of
foreground and lensing B modes to primordial B modes, assuming a tensor-to-scalar ratio r = 1.
The contours indicate, in e↵ective values of r, the contamination due to foregrounds and lensing on
primordial B-mode measurements. The x- and y-axes correspond to the multipole ` and frequency
of observation, in GHz, respectively. The level of input foregrounds are estimated on a 50% patch
of the sky.

2.1 Foreground removal

As illustrated in Fig. 2, polarized contamination from astrophysical foregrounds is an un-
avoidable challenge in the quest for primordial B-mode measurements. The left panel
shows CMB temperature, E-mode and B-mode angular spectra for di↵erent values of the
tensor-to-scalar ratio r, as well as the expected amplitude of dust and synchrotron B
modes, estimated using various portions of the Planck data [23]. The right panel shows,
as a function of frequency of observation and multipole `, the ratio of foreground plus
lensing B modes to primordial B modes, assuming a tensor-to-scalar ratio r = 1. Outside
the half-sky Galactic mask that was considered, the minimum contamination is reached
at multipole ` ⇡ 80 and frequency ⌫ ⇡ 74 GHz (as confirmed by Ref. [45, 46]). This
foreground-minimum region has an e↵ective foreground amplitude of r ⇠ 0.1. Reaching
values of r less than 0.1 (or, indeed, improving the significance of any future detection of
r of this magnitude) therefore requires highly e↵ective cleaning of both foregrounds and
lensing B modes.

– 4 –

[Feeney, Errard+2015]



• Neff defined via 

• ν + other ρr:  
CMB damping 

• ν + free-streaming ρr: 
CMB phase shift 
(detected with Planck, Follin+ 2015)

Neff

15

Neff

• The “effective number of neutrino species” Neff
measures the total energy density in radiation 
excluding photons

• Because it receives contributions from all sorts of 
radiation, Neff need not have anything to do with 
neutrinos

• Neff is observable due to the gravitational influence of 
the radiation in the early universe

Effects of Neutrinos on the CMB

• Increased radiation density leads to increased damping (when holding the scale 
of matter-radiation equality fixed)

• Anisotropic stress due to radiation free streaming has two effects:
• Shift in amplitude at small scales
• Phase shift of acoustic peaks at small scales

Bashinsky, Seljak (2004), Hou, Keisler, Knox, Millea, Reichardt (2012), Follin, Knox, Millea, Pan (2015)

4.2 New Light Species at Recombination 75

Figure 22. Forecasts for �(N
e↵

) with varying beamize in arcmin and temperature noise. These forecasts
assume f

sky

= 0.4 and vary Yp with N
e↵

to be consistent with BBN. The color scale is the same for both
panels. Left: Specific forecasts, including delensing, for various CMB-S4 configurations. Right: A wide
range of beam sizes and sensitivities are used to show the need for the high resolution and sensitivity of
CMB-S4 to be close to our thresholds.

Figure 23. Left: Forecasts for �(N
e↵

) as a function of sky fraction. The sensitivity has been normalized

to 1 µK-arcmin for f
sky

= 0.4 and is scaled according to S / f1/2
sky

for di↵erent sky fractions. The grey line
shows the value of �(N

e↵

) = 0.027 which is the 1� sensitivity any scalar thermal relic, or equivalently, 2�
sensitivity to any vector thermal relic. For a fixed number of detectors, we see that �(N

e↵

) is minimized
by increasing sky fraction. Right: Same as Figure 21 showing plausible 2� limits from CMB-S4 in red,
assuming 1’ beams and 1 µK-arcmin temperature noise. The light red region with solid boundary and darker
red with dashed boundary are for f

sky

= 0.5 and f
sky

= 0.7 respectively. These modest increases in sky
fraction can have a significant impact with regards to the theoretical thresholds for vectors or Weyl fermions.

For su�ciently large sky fraction, the thresholds for the light fermions and vectors are accessible at 2�
for plausible experimental configurations, or equivalently, 1� for the minimum threshold for a light scalar.
Specifically, to reach �(Ne↵) = 0.027 with s = 1 µK-arcmin, we need fsky � 0.5 and fsky � 0.6 for 1’
and 2’ beams respectively. In the right panel of Figure 23, we show how 2� limits available with CMB-

CMB-S4 Science Book

• ΔNeff >= 0.027 
for particles in 
TE with SM

CMB-S4 Science Book



• Best results for wide survey — fsky ~10-40%

• Target noise: few uK-arcmin

• Done in conjunction with small-patches surveys for r

• Driven by TE power 
Some dependence on atm. power and point sources in TT

• Possible challenge: beam systematics

• Delensing of TT and EE can help!  see Anthony Challinor’s 
talk  
[Green, Meyers, AvE 2016]

ΔNeff

16



Lensing autospectrum - Σmν
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 [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

CMB-S4 Science BookSee Marilena LoVerde, Martina Gerbino talks



Lensing autospectrum - Σmν
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from two-season ACTPol
Sherwin, AVE ++ (2016)

See Blake Shwerwin’s Talk
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FIG. 11. Compilation of lensing power spectrum measurements from various experimental groups, including Planck [23], SPT
[16], SPTpol [20], this work, BICEP/Keck [21], and Polarbear [17]. In the case of Planck, we show both the full range of
reported bandpowers (light purple), as well as the restricted range 40 < L < 400 used for cosmological analysis (dark purple).

Mon. Not. R. Astron. Soc, 460, 4210
[60] Joudaki, S., Blake, C., Heymans, C., et al. 2016,

arXiv:1601.05786
[61] Hildebrandt, H., Viola, M., Heymans, C., et al. 2016,

arXiv:1606.05338
[62] The Dark Energy Survey Collaboration, Abbott, T., Ab-

dalla, F. B., et al. 2015, arXiv:1507.05552
[63] K. A. Olive et al. 2015 [Particle Data Group Collabora-

tion], Chin. Phys. C 38, 090001

New SPT-2500 points not shown
See Kyle Story’s talk

Current Data

(2012)



Lensing autospectrum - Σmν

19

0 500 1000 1500 2000 2500 3000
L

10�9

10�8

10�7

L
2 (

L
+

1)
2 C

�
�

L
/(

2⇡
)

⌃m⌫ = 0 meV

⌃m⌫ = 30 meV

⌃m⌫ = 60 meV

⌃m⌫ = 90 meV

⌃m⌫ = 120 meV

CMB-S4

CV limit

0 500 1000 1500 2000 2500 3000
L

�0.06

�0.04

�0.02

0.00

0.02

0.04

�
C

�
�

L
(⌃

m
⌫
)/

C
�
�

L
(0

m
eV

)

CMB-S4 Science Book

Possibility  
with CMB-S4

~0.2% precision
SO forecast

<1% precision

Errors blown up by 
x10!



Lensing autospectrum - Σmν

Challenges

Roughly same weight for T and P. 
Statistically independent.

Separate systematics:

• Temp: Extragalactic NG [AvE+2013, 
Osborne+2015, Ferraro & Hill 2017]

• Pol: Galactic NG [Challinor+(CORE)2017, 
AvE+ in prep]

124 CMB Lensing
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Figure 47. Noise per mode in the lensing field for di↵erent lensing estimators at L = 300. Left panel is for
1 arcmin resolution, and right panel is for 3 arcmin resolution. For a 1 and 3 arcmin resolution experiment,
the EB polarization estimator yields lower noise than the temperature estimator, below 4µK-arcmin and
5µK-arcmin noise in temperature respectively.

7.2.2 Lensing Power Spectrum

The power spectrum of reconstructed CMB lensing maps is a measure of the matter power spectrum
integrated over redshift. The lensing power spectrum has a broad redshift response kernel, with most of
the contribution coming from z ⇠ 1 � 5, with a peak at z ⇠ 2 (see Figure 50). Most of the scales probed
by the lensing power spectrum are on su�ciently large scales that they are mainly in the linear regime. As
such, the lensing power spectrum is sensitive to physics which a↵ects the growth of structure on large scales
and at high redshift, such as the mass of the neutrinos.

The latest measurements of the CMB lensing autospectrum, as of early 2016, are shown in Figure 48. The
first detections were obtained by the Atacama Cosmology Telescope (ACT; [529]) and South Pole Telescope
(SPT; [530]) teams, who analyzed maps of several hundreds of square degrees yielding precisions on the
lensing power spectrum of approximately 25% and 18% respectively. The Planck collaboration has since
provided all-sky lensing maps whose precision on the power spectrum amplitude is approximately 4% in the
2013 data release and 2.5% in the 2015 data release. The first detections of the lensing autospectrum using
CMB polarization, which is ultimately a more sensitive measure of lensing for low-noise maps, have also
been obtained [531, 532, 533].

There has been rapid improvement in these measurements over the period of just a few years. Early detections
of the CMB lensing autospectrum were not sample variance limited over a broad range in L and were only
covering a relatively small sky area; the power spectrum of the noise in the CMB lensing reconstruction
in the 2015 Planck data release is approximately equal to the lensing power spectrum only at its peak of
L ⇠ 40, but smaller scales are noise-dominated. Lensing reconstructions from current ground-based surveys
(like SPTpol, ACTPol, POLARBEAR) are strongly signal-dominated below L ⇠ 200 and noise-dominated
on smaller scales. However, they have been obtained over relatively small sky areas of several hundreds
of square degrees. A ground-based survey such as CMB-S4, with wide sky coverage, low-noise, and high

CMB-S4 Science Book
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Fig. 3. A small region of the reconstructed Planck all-sky Compton parameter maps for NILC (left) and MILCA (right) at intermediate Galactic
latitudes in the southern sky centred at (0�,�45�) in Galactic coordinates. The colour scale is in units of y ⇥ 106.
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A22, page 6 of 24

Planck Compton-y map



tSZ - finding & counting clusters
• Potential for discovery 

of ~104  of clusters, at 
high z  
(Planck: 103; S4: ~105)

22

S4 forecast 
Madhavacheril+ in prep

Optical vs. CMB S/N

• Internal mass calibration 
via CMB halo lensing, or 
optical weak lensing  
[Louis & Alonso 2016, 
Madhavacheril+ in prep]

• Can be competitive with lensing for Σmν
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tSZ - power spectrum 

24

Abundance (σ8) and gas physics
Low-M, high-z halos

Planck 2015



tSZ - higher order

25

Abundance (σ8) and gas physics
intermediate-M, intermediate-z halos

A&A 594, A22 (2016)
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Fig. 14. Bispectra of the NILC (green) and MILCA (red) y-maps for
four di↵erent configurations (equilateral, orthogonal, flat and squeezed),
compared with the bispectrum of the projected map of the PSZ2 clusters
(blue). ±1� uncertainties are indicated as black dotted lines.

from foregrounds below the uncertainty levels when masking
more than 50 % of the sky.

7. Cluster physics and cosmology

7.1. Power spectrum analysis

7.1.1. tSZ power spectrum modelling

As a measure of structure growth, the tSZ power spectrum can
provide independent constraints on cosmological parameters. As
shown by Komatsu & Seljak (2002), the power spectrum of the
tSZ e↵ect is highly sensitive to the normalization of the mat-
ter power spectrum, commonly parameterized by the rms of the
z = 0 mass distribution on 8 h�1 Mpc scales, �8, and to the total
amount of matter ⌦m. We expect the tSZ power spectrum to also
be sensitive to other cosmological parameters, e.g., the baryon
density parameter⌦b, the Hubble contant H0, and the primordial
special index ns. For reasonable external priors on those param-
eters, however, the variations are expected to be negligible with
respect to those introduced by changes in ⌦m and �8 and so they
are not considered here.

Following Planck Collaboration XXI (2014) we consider
here a two-halo model for the tSZ power spectrum, which is
fully described in Appendix A.1. This model accounts for both
intra-halo (1-halo term) and inter-halo (two-halos) correlations.
Following Eq. (A.6), the tSZ spectrum is computed using the
2-halo model, the Tinker et al. (2008) mass function, and the
Arnaud et al. (2010) pressure profile. In particular, we use the
numerical implementation presented in Taburet et al. (2009,
2010, 2011), and integrate in redshift from 0 to 3 and in mass
from 1013 M� to 5 ⇥ 1015 M�. Our model allows us to compute
the tSZ power spectrum at the largest angular scales and is
consistent with the tSZ spectrum presented in Efstathiou &
Migliaccio 2012 (EM12), which was used as a template in the

CMB cosmological analysis in Planck Collaboration XVI
(2014) and Planck Collaboration XI (2016). We also include the
mass bias parameter, b, which accounts for bias between the ob-
servationally deduced (Mobs) and true (Mtrue) mass of the clus-
ter (see Planck Collaboration XX 2014, for details), such that
Mobs = (1 � b)Mtrue.

Cosmological parameter results are very sensitive to the
mass bias and in particular we expect �8 and ⌦m to be strongly
degenerate with b (Planck Collaboration XXI 2014). By contrast
to Planck Collaboration XXIV (2016), for which external priors
in the mass bias have been used, we consider here only two dis-
tinct values, b = 0.2 and b = 0.4. The former corresponds to
the average value that numerical simulations seem to indicate
(see Fig. A.2 in Planck Collaboration XX 2014). On the other
hand, the latter value for the bias alleviates the inconsistency
with the constraints derived from the analysis based on primary
CMB anisotropies (see Planck Collaboration XX 2014).

This value is, however, larger than that obtained by mass
comparison of clusters present in both the Planck cosmology
sample (Planck Collaboration XX 2014) and the Weighing the
Giants (WtG von der Linden et al. 2014) project. Even if studies
based on lensing mass measurements still provide di↵erent and
inconsistent results for the cluster mass calibration, their number
and their accuracy has improved dramatically in the recent past
(e.g., Mahdavi et al. 2013, for the CCCP project, Umetsu et al.
2014, for CLASH; Israel et al. 2014, for 400d WL; Ford et al.
2014 for CFHTLenS; Gruen et al. 2014 for WISCy) and they are
expected to provide more useful constraints in the near future.

7.1.2. Maximum likelihood analysis

As in Planck Collaboration XXI (2014), cosmological con-
straints are obtained from a fit to the tSZ power spectrum. Fol-
lowing the discussion of Sect. 5.2 we take the NILC-MILCA
F/L cross-power spectrum (black dots in Fig. 15) as a refer-
ence and limit the analysis to 50% of the sky to minimize fore-
ground residuals. In terms of astrophysical signal we consider a
four-component model: tSZ; clustered CIB; radio point sources;
and infrared point sources. We restrict the analysis to multipoles
` > 10 so that we can neglect the residual thermal dust con-
tamination (see Sect. 5.2.1). For ` > 2000 the total signal in
the tSZ map is dominated by correlated noise, which is also ac-
counted for in the fit. Because of this correlated noise and the
expected high value of foreground contamination at the small-
est scales we limit the fit to multipoles ` < 1411. Finally, the
observed y-map power spectrum, Cm

` , is modelled as

Cm
` = CtSZ

` (⌦m,�8) + ACIB CCIB
` (9)

+ AIR CIR
` + ARad Crad

` + ACN CCN
` .

Here CtSZ
` (⌦m,�8) is the tSZ power spectrum (in red in Fig. 15),

CCIB
` is the clustered CIB power spectrum (in green), and CIR

` and
Crad
` are the infrared and radio source power spectra, respectively

(in cyan and in blue). CCN
` is an empirical model for the high

multipole correlated noise.
Foreground contamination is modelled following Sect. 5.2.2.

As discussed there, the main uncertainties in the residual power
spectrum translate into up to 50% uncertainty in the amplitude
of the clustered CIB. We have not considered in this analysis
the CIB-tSZ cross-correlation that was shown to be negligible in
terms of the power spectrum. The amplitude of the IR and radio
point-source contribution will depend on the exact Galactic mask
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Planck SZ Bispectrum 
[XXII 2015]

12 Crawford et al.

(a) 95 GHz 1d bispectrum, with best-fit model overplotted (b) 150 GHz 1d bispectrum, with best-fit model overplotted

(c) 220 GHz 1d bispectrum, with best-fit model overplotted

Fig. 1.— Measured bispectrum (with no clusters masked) in each of the three SPT frequency bands. Bispectra have been collapsed
from three dimensions to one dimension as described in the text. The solid black line shows the best-fit model estimated from the full
3d bispectrum (collapsed to 1d using the same procedure and weighting as used for the data). The three individual components of the
best-fit model are also plotted: tSZ (short-dashed red line), clustered CIB (dot-dashed purple line), and the Poisson point-source component
(long-dashed green line). See Section 4 for more details on the model. The bispectrum error bars shown are statistical only. The data and
best-fit models shown are for the nominal values of the systematic parameters and with no cluster masking (see text for details).

power-law component at 95 and 150 GHz data is much
reduced but still > 2σ at 95 GHz and ∼1.5σ at 150 GHz.
Perhaps most intriguing is the detection of a power-law

component in the 220 GHz data, which is near the tSZ
null and should not be measuring a tSZ bispectrum. We
interpret this signal as the bispectrum of the clustered
CIB, and we discuss the implications of this signal in
Section 6.2.

5.2. Results of model fits

Having established that the bispectrum data in each
band contain significant detections of a power-law com-
ponent and a flat-in-l component, we move on to fitting
these data to the model described in Section 4.1, us-
ing the fitting procedure described in Section 4.2. As
described in Section 4.2.1, the linear least-squares fit is
repeated many times with different realizations of sys-
tematic uncertainties, drawn from distributions summa-
rized in Table 1, or, in the case of the instrument beam
uncertainties, using beam realizations described in Sec-
tion 4.2.1. To minimize uncertainty in interpreting the

tSZ result due to uncertainties in the assumed halo mass
function, we repeat the fit using data in which all clus-
ters above M200(ρcrit) = 8 × 1014M⊙/h masked and a
tSZ model template with the mass function truncated
at that value. To determine how much of the tSZ bi-
spectrum is coming from clusters not already used for
cosmological constraints from cluster count analyses, we
repeat the fit using data and model templates with no
clusters above M200(ρcrit) = 3 × 1014M⊙/h (see Section
4.1.2 for details).
The results of the fit with no clusters masked are shown

in Figure 1 and summarized in Table 2. The results of
the fit with the two levels of cluster masking and mass
function truncation are summarized in Tables 3 and 4.
The best-fit parameter values using the nominal values
of the beam and other sources of systematic uncertainty
(see Section 4.2.1) are shown in the tables, along with
1σ statistical uncertainties (from the covariance matrix
in the linear least-squares fit), 1σ systematic uncertain-
ties (from the scatter in best-fit parameter values over
1000 realizations of systematic uncertainties), and the

SPT SZ Bispectrum  
(150 GHz) 

[Crawford+2012]5

FIG. 1: Histogram of pixel temperature values in the ACT 148 GHz Equatorial CMB map after filtering and point source
masking. The solid red vertical line denotes T̃ = 0. The solid magenta curve is a Gaussian with variance given by the rms
of the filtered, processed map; it is not a fit and is shown here only for visual reference. The tSZ e↵ect is responsible for the
significant non-Gaussian tail on the negative side of the PDF (T̃ < 0).

shown in Fig. 2. The negative side of the histogram clearly has no significant non-Gaussian excess.

III. THEORY

A. Thermal SZ E↵ect

In the absence of relativistic corrections, the tSZ-induced change in the observed CMB temperature at frequency ⌫
at angular position ✓ on the sky with respect to the center of a cluster of mass M at redshift z is given by [8]:

T⌫(✓,M, z)

TCMB
= g⌫y(✓,M, z)

= g⌫
�T

mec2

Z

LOS
Pe

✓q
l2 + d2A|✓|2,M, z

◆
dl , (1)

where g⌫ = x coth(x/2)�4 is the tSZ spectral function with x ⌘ h⌫/(kBTCMB), y(✓,M, z) is the Compton-y parameter,
�T is the Thomson scattering cross-section, me is the electron mass, and Pe(r,M, z) is the ICM electron pressure at
(three-dimensional) separation r from the cluster center. Our theoretical calculations assume that the pressure profile
is spherically symmetric, i.e., Pe(r,M, z) = Pe(r,M, z) where r = |r|. The integral in Eq. (1) is computed along the
line-of-sight such that r2 = l2 + d2A(z)✓

2, where l is the line-of-sight distance, dA(z) is the angular diameter distance
to redshift z, and ✓ ⌘ |✓|. We assume that the ICM consists of a fully ionized ideal gas of hydrogen and helium
with primordial abundances. Ion–electron equilibration implies that the electron pressure Pe(r,M, z) is related to the

ACT realspace PDF
SZ skewness, kurtosis

(150 GHz)
[Hill+2011]

See Will Coulton’s Poster
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The kSZ power spectrum

Simone Ferraro (Berkeley)

4

10% constraint on Δz  
(fixed late-time)

• Power spectrum

3

a fixed realization of the radial velocity field vr(n̂, z), the
locally measured small-scale power K(n̂) can be modelled
as

K(n̂) =

Z
dz

dK̄

dz
⌘(n̂, z) (8)

where ⌘(n̂, z) = vr(n̂, z)2/hvr(z)2i. In other words, we
assume that the locally generated kSZ power along the
line of sight is proportional to v2r , but neglect addi-
tional non-Gaussian e↵ects. Fully characterizing kSZ
non-Gaussianity on all scales is outside the scope of this
paper. Here we are simply claiming that at minimum,
the non-Gaussian signal predicted by Eq. (8) must exist.

In the Limber approximation, the contribution to CKK
L

predicted by the ⌘-model is

CKK
L =

Z
dz

H(z)

�(z)2

✓
dK̄

dz

◆2

P?
⌘

✓
L

�(z)

◆
(9)

where P?
⌘ (k) is the power spectrum of the field ⌘ evalu-

ated at a wavenumber k perpendicular to the line-of-sight
direction. We will compute P?

⌘ in linear theory, where
it is independent of z, but depends on the direction of
k since ⌘ is an anisotropic field. By a short calculation
using Wick’s theorem, P?

⌘ is given by

P?
⌘ (k) =

2

hv2ri2

Z
d3k0

(2⇡)3
(k0

r)
2(kr � k0

r)
2

k2(k � k0)2
Pv(k

0)Pv(k � k0)

(10)
where Pv is the linear velocity power spectrum and kr = 0
has been assumed.

In Fig. 2 we show the contributions to CKK
L from late-

time and reionization kSZ, computed using the ⌘-model.
Note that the reionization kSZ makes a larger contribu-
tion to CKK

L than the late-time kSZ, even though the
two are comparable in the CMB power spectrum CTT

l .
This is because the late-time line-of-sight integral is more
extended in comoving distance �, so it samples more co-
herence lengths of the velocity field, making the signal
more Gaussian.

A crucial property of the ⌘-model is that the contri-
bution to CKK

L from source redshift z is proportional to
P?
⌘ (L/�(z)), with no additional L dependence. Thus the

“shape” in L depends only on large-scale linear theory,
but the overall amplitude depends on small-scale physics
(via dK̄/dz).

This independence of small-scale physics means that
we can test the ⌘-model using simplified simulations. We
construct an ensemble of 3D simulations neglecting bary-
onic physics and using the 2LPT approximation to the
N -body equations of motion. Rather than using a light-
cone geometry, we simply project a z = 2 snapshot onto
the 2D periodic “sky” formed by one of the box faces.
The agreement with the ⌘-model is excellent (Fig. 3 top
panel). We plan to extend this simulation pipeline in fu-
ture work, but expect that more accurate simulations will
simply change the overall amplitude, and capture small
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FIG. 2: Modelling the “power spectrum of the kSZ power
spectrum” CKK

L , assuming 2 µK-arcmin noise and ✓FWHM =
10. Top panel. Contributions to CKK

L from reconstruction
noise (Eq. (6)) and kSZ (Eq. (9)). Bottom panel. The kSZ
contribution to CKK

L per unit source redshift. The distribu-
tion is strongly bimodal, justifying a decomposition into low-z
and reionization contributions.

e↵ects such as curved-sky corrections and deviations from
the Limber approximation.
So far we have considered contributions to CKK

L from
the ⌘-model (our signal), and from Gaussian mode-
counting (the noise NKK

L ). In order to claim that the
signal is robust, it is important to understand how other
non-Gaussian e↵ects may contribute to CKK

L .
Some non-Gaussian signals do not cluster on large

scales. For example, even after multifrequency analysis,
the CMB maps will be contaminated by residual thermal
SZ clusters at some level. This signal can be modelled
very accurately as a sum of unclustered Poisson sources
with angular profile Fl. On large scales L where the pro-
file FL is nearly constant, a short calculation shows that
the contribution to CKK

L is nearly constant in L. We will
account for this type of contribution by marginalizing an
arbitrary constant �CKK

L in our signal-to-noise forecasts.
Other non-Gaussian signals do cluster on large scales,

most importantly gravitational lensing. In the middle
panel of Fig. 3, we show the bias to CKK

L obtained from
simulated CMB lensing maps, using a pipeline similar
to [17]. The lensing bias is comparable to the recon-
struction noise and non-constant on large scales.

• Power spectrum of 
the power spectrum 
see Simone Ferraro’s talk 
for details

• also, cross-corr with 
tracers Emmanuel Schaan Smith&Ferraro 2016



Summary
• Simons Observatory will happen, & soon! 

Construction in 2020, observing in 2021+

• Planning and optimization currently ongoing

• Many science targets:

• r, mnu, Neff, w, (g)astrophysics

• Through a number of separate channels: 
  CMB power spec at high ell  
  lensing auto  
  lensing crosses 
  tSZ in several ways 
  kSZ in several ways
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Neff + Yp

CMB-S4 Science Book
Green, Meyers, van Engelen 2016

Free Streaming and the Phase Shift

Baumann, Green, JM, Wallisch (2015)

Neff = 3.046 
Nfluid = 0

Neff = 2.046 
Nfluid = 1

Unlensed

Lensed

• The phase shift can be used to distinguish between free streaming and 
non-free streaming radiation species

• The phase shift is most easily detectable in the delensed EE spectrum 
due to the sharper peaks

Free Streaming and the Phase Shift

Baumann, Green, JM, Wallisch (2015)

Neff = 3.046 
Nfluid = 0

Neff = 2.046 
Nfluid = 1

Unlensed

Lensed

• The phase shift can be used to distinguish between free streaming and 
non-free streaming radiation species

• The phase shift is most easily detectable in the delensed EE spectrum 
due to the sharper peaks

Baumann, Green, Meyers, Wallisch 2015
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Figure 29. Projected 1� contours in N
e↵

and Yp for f
sky

= 0.4 with temperature noise of 1 µK-arcmin
and 1’ beams. We show current Planck 2015 constraints, with current BAO, along with forecasts for CMB-S4
and DESI BAO, with and without performing delensing [395] on CMB-S4 E and T spectra. We see that
delensing primarily shrinks the contours along the degeneracy, which is consistent with expectations from
the phase shift in the locations of the acoustic peaks. Also plotted is the range of values of Yp predicted by
BBN as a function of N

e↵

(which is assumed to be constant over the relevant periods).

4.5 Detection Scenarios for Labs and Cosmology

Experimental e↵orts searching for light particles are underway in a number of di↵erent domains. There are
a number of possible situations where a discovery could be made in cosmology and/or the lab that could
inform each other.

In this section, we will discuss plausible theoretical interpretations of a number of such scenarios. Since there
are numerous ways to produce �Ne↵ , these scenarios are not necessarily the only interpretations possible,
but are natural interpretations within well studied theoretical frameworks.

4.5.1 Dark Sectors and Particle Physics

Deviations from Ne↵ = 3.046 can arise from a wide variety of changes to the particle content and thermal
history of the Universe. In most cases, the physics responsible fundamentally requires a coupling of new
particles to the Standard Model in regimes where they often can, in principle, be detected by other means.
Cosmology is a very broad tool for searching for physics beyond the Standard Model, but it is also very
complementary to more targeted searches. A list of plausible detection scenarios is shown in Table 4-3:
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Figure 6. Top: TT spectrum DTT
` (left) and EE spectrum DEE

` (right) for (N
e↵

= 3.046 , N
fluid

= 0)
(blue) and (N

e↵

= 2.046 , N
fluid

= 1.0) (red) with D` ⌘ `(` + 1)C`/(2⇡) in units of µK2. The TT and
EE spectra represented by the red curves were rescaled by the same constant factor chosen such that the
height of the seventh peak of the TT spectrum matches for the red and blue curves. The solid and dashed
lines show the unlensed and lensed data, respectively. The phase shift from N

e↵

and the peak smearing
from lensing can be seen in both the TT and EE spectra. Bottom: Illustration of the relative di↵erence
�D` ⌘ �D`/D` between the (N

e↵

= 3.046 , N
fluid

= 0) and (N
e↵

= 2.046 , N
fluid

= 1.0) spectra of the upper
panels. The green solid and dashed lines are the di↵erences in the unlensed and lensed data, respectively.
We see that the change is largest in the unlensed EE spectrum.

Our modification of the Boltzmann code CLASS [50] includes an additional relativistic fluid,

whose energy density is measured by the parameter N
fluid

defined in (1.2). The equation of

state and the sound speed of the fluid were fixed to wY = c2Y = 1

3

, with initial conditions that

were chosen to be adiabatic. With this choice, our analytic results imply that this fluid does

not contribute to the phase shift in the acoustic peaks. We use Monte Python [51] to derive

constraints on the parameters N
e↵

and N
fluid

. Whenever the primordial helium abundance Yp
was not varied independently (which we will refer to as “Yp fixed”), it was set to be consistent

with the predictions of BBN, using the total relativistic energy density including both N
e↵

and

N
fluid

in determining the expansion rate. All chains were run until the variation in their means

was small relative to the standard deviation (using R� 1 . 0.01 in the Gelman-Rubin criterion).

Our analysis makes use of the e↵ects of gravitational lensing of the CMB in two distinct ways.

“Lensing reconstruction” will refer to a reconstruction of the power spectrum of the lensing

potential from the measurements of the temperature and polarization four-point functions. In

the case of the CMB-S4 forecasts, the power spectrum of the lensing potential was computed with

CLASS. CMB lensing also modifies the observed CMB power spectra (TT, TE, EE), primarily

in the form of smearing the peaks [52], as is illustrated in Fig. 6. “Delensing” removes the e↵ect

of lensing on these power spectra using the reconstructed lensing potential. This is trivially

implemented in forecasts in the limit of perfect delensing (we will just output spectra without

computing the lensing), but is an involved procedure to implement on real data. The utility of this

20

• Delensing TT, EE (see Anthony 
Challinor’s talk) breaks 
degeneracy• Phase shift info affected by lensing
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future observations. We will consider the possibility of reaching ` < 30 with CMB-S4 in the same category
as other future experiments that hope to improve the measurement of ⌧ .

The current best constraint on ⌧ comes from Planck [320], roughly corresponding to an external prior of
⌧ = 0.06 ± 0.01. We see in Figure 15 that this prior is su�cient to reach �(

P
m⌫) < 30 meV for a wide

range of experimental configurations. On the other hand, we also note that there is little improvement with
decreased noise or beamsize as we saturate at �(

P
m⌫) ⇠ 26 meV, even if we increase fsky > 0.4. Of course,

the reason is that we are limited by the ⌧ -degeneracy.

Figure 16. Forecasts for �(

P
m⌫) assuming ⇤CDM +

P
m⌫ using CMB-S4 and DESI BAO. We vary

sensitivity in µK-arcmin and ⌧ -priors, ⌧ = 0.06 ± �(⌧) with the contours showing 1� errors for
P

m⌫ . We
fixed the resolution using 1’ beams and set f

sky

= 0.4. The white and blue dashed lines correspond to the
low-` cosmic variance limit and Planck Blue Book values respectively.

In order to reach the 3� target, �(
P

m⌫) < 20 meV, one needs a better measurement of ⌧ . As shown in
bottom panel of Figure 15, we can reach �(

P
m⌫) ⇡ 20 meV for a variety of plausible configurations of

CMB-S4 with Planck’s designed reach in sensitivity, a measurement at the level of �(⌧) = 0.006. However,
as before, we see that there are only moderate improvements coming from lower noise or smaller beams. A
similar limitation applies to other cosmological probes, as seen in Table 3-1, which also saturate at a similar
sensitivity.

More generally, improved measurements of ⌧ and H0 may become available before, during or after CMB-S4.
We therefore also examine impacts of measurements even further in the future in evaluating the value of
the legacy data from CMB-S4. There are ground-based CMB instruments [24, 321] designed to observe very
large angular scales, with possible reach to constrain ⌧ ; the CLASS experiment is forecasted to reach �(⌧) '
0.004 [322], for example. Space missions [323, 324] are proposed to constrain the primordial gravitational
waves through the so-called reionization bump during the 2020s; they are designed to reach sensitivity well
beyond that required to achieve a cosmic-variance limited ⌧ measurement, �(⌧) ⇠ 0.002. Measurement of

CMB-S4 Science Book
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CV limit
σ(τ)=.002
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a fixed realization of the radial velocity field vr(n̂, z), the
locally measured small-scale power K(n̂) can be modelled
as

K(n̂) =

Z
dz

dK̄

dz
⌘(n̂, z) (8)

where ⌘(n̂, z) = vr(n̂, z)2/hvr(z)2i. In other words, we
assume that the locally generated kSZ power along the
line of sight is proportional to v2r , but neglect addi-
tional non-Gaussian e↵ects. Fully characterizing kSZ
non-Gaussianity on all scales is outside the scope of this
paper. Here we are simply claiming that at minimum,
the non-Gaussian signal predicted by Eq. (8) must exist.

In the Limber approximation, the contribution to CKK
L

predicted by the ⌘-model is

CKK
L =

Z
dz

H(z)

�(z)2

✓
dK̄

dz

◆2

P?
⌘

✓
L

�(z)

◆
(9)

where P?
⌘ (k) is the power spectrum of the field ⌘ evalu-

ated at a wavenumber k perpendicular to the line-of-sight
direction. We will compute P?

⌘ in linear theory, where
it is independent of z, but depends on the direction of
k since ⌘ is an anisotropic field. By a short calculation
using Wick’s theorem, P?

⌘ is given by

P?
⌘ (k) =

2

hv2ri2

Z
d3k0

(2⇡)3
(k0

r)
2(kr � k0

r)
2

k2(k � k0)2
Pv(k

0)Pv(k � k0)

(10)
where Pv is the linear velocity power spectrum and kr = 0
has been assumed.

In Fig. 2 we show the contributions to CKK
L from late-

time and reionization kSZ, computed using the ⌘-model.
Note that the reionization kSZ makes a larger contribu-
tion to CKK

L than the late-time kSZ, even though the
two are comparable in the CMB power spectrum CTT

l .
This is because the late-time line-of-sight integral is more
extended in comoving distance �, so it samples more co-
herence lengths of the velocity field, making the signal
more Gaussian.

A crucial property of the ⌘-model is that the contri-
bution to CKK

L from source redshift z is proportional to
P?
⌘ (L/�(z)), with no additional L dependence. Thus the

“shape” in L depends only on large-scale linear theory,
but the overall amplitude depends on small-scale physics
(via dK̄/dz).

This independence of small-scale physics means that
we can test the ⌘-model using simplified simulations. We
construct an ensemble of 3D simulations neglecting bary-
onic physics and using the 2LPT approximation to the
N -body equations of motion. Rather than using a light-
cone geometry, we simply project a z = 2 snapshot onto
the 2D periodic “sky” formed by one of the box faces.
The agreement with the ⌘-model is excellent (Fig. 3 top
panel). We plan to extend this simulation pipeline in fu-
ture work, but expect that more accurate simulations will
simply change the overall amplitude, and capture small
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FIG. 2: Modelling the “power spectrum of the kSZ power
spectrum” CKK

L , assuming 2 µK-arcmin noise and ✓FWHM =
10. Top panel. Contributions to CKK

L from reconstruction
noise (Eq. (6)) and kSZ (Eq. (9)). Bottom panel. The kSZ
contribution to CKK

L per unit source redshift. The distribu-
tion is strongly bimodal, justifying a decomposition into low-z
and reionization contributions.

e↵ects such as curved-sky corrections and deviations from
the Limber approximation.
So far we have considered contributions to CKK

L from
the ⌘-model (our signal), and from Gaussian mode-
counting (the noise NKK

L ). In order to claim that the
signal is robust, it is important to understand how other
non-Gaussian e↵ects may contribute to CKK

L .
Some non-Gaussian signals do not cluster on large

scales. For example, even after multifrequency analysis,
the CMB maps will be contaminated by residual thermal
SZ clusters at some level. This signal can be modelled
very accurately as a sum of unclustered Poisson sources
with angular profile Fl. On large scales L where the pro-
file FL is nearly constant, a short calculation shows that
the contribution to CKK

L is nearly constant in L. We will
account for this type of contribution by marginalizing an
arbitrary constant �CKK

L in our signal-to-noise forecasts.
Other non-Gaussian signals do cluster on large scales,

most importantly gravitational lensing. In the middle
panel of Fig. 3, we show the bias to CKK

L obtained from
simulated CMB lensing maps, using a pipeline similar
to [17]. The lensing bias is comparable to the recon-
struction noise and non-constant on large scales.
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signal plus reconstruction noise, and have fairly di↵erent
L-dependence so that there is little degeneracy. This re-
sult makes intuitive sense: clustering terms proportional
to Pv dominate on large scales, since terms proportional
to P� are suppressed by positive powers of k. It is also
consistent with the excellent agreement between the ⌘-
model and the 3D simulations seen in the top panel of
Fig. 3.

In summary, the ⌘-model predicts a large kSZ signal in
CKK

L , that this prediction agrees with simulations, and
that it is robust to a wide range of possible contaminants.

III. FORECASTS AND DISCUSSION

In this section, we will present signal-to-noise forecasts.
The first type of forecast we will consider is “single-bin
detection”: total signal-to-noise of the kSZ CKK

L summed
over all source redshifts, marginalized over an arbitrary
constant �CKK

L as previously described. In our fiducial
model, a single-bin detection would get 86% of its signal-
to-noise from reionization and 14% from the late-time
kSZ. Therefore a single-bin detection of CKK

L at the ex-
pected level would be strong evidence for patchy reion-
ization in the CMB.

The next observational milestone would be a “two-bin
detection”, in which we fit for the overall amplitude of
the high-z signal (z � 4), marginalized over an arbitrary
multiple of the low-z contribution (z  4). A two-bin
detection would measure the amplitude of the patchy
reionization signal without any assumptions on the low-z
amplitude.

Finally, we consider a “three-bin detection”: detection
significance of the z � 5 contribution, marginalized over
independent redshift bins with 0  z  2.5 and 2.5  z 
5. A three-bin detection would establish the bimodal
redshift dependence of the kSZ sources, with peaks at
late time and during reionization, and little or no power
in between, which would also provide a powerful check
on systematics.

The precise definitions are as follows: given N con-
tributions (�CKK

L )1, · · · , (�CKK
L )N to CKK

L such that
CKK

L =
P

i Ai(�CKK
L )i (for example N redshift bins),

we forecast signal-to-noise on the amplitudes Ai by com-
puting the N -by-N Fisher matrix

Fij =
fsky
2

L
maxX

L=L
min

(2L + 1)
(�CKK

L )i (�CKK
L )j

(CKK
L )2tot

(14)

The signal-to-noise of (�CKK
L )i, marginalizing over sig-

nals j 6= i, is given by S/N = (F�1
ii )�1/2. The signif-

icance of our “N -bin detection”, where N = 1, 2, 3, is
defined to be the signal-to-noise of the highest redshift
bin, taking (CKK

L )tot to be the sum of contributions from
the lower redshift bins plus reconstruction noise, and
marginalized over the other redshift bins plus a contri-
bution of the form �CKK

L = constant. The maximum
multipole Lmax in Eq. (14) will depend in practice on
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FIG. 4: Forecasted S/N for 1-bin, 2-bin, and 3-bin detections
as defined in the text, for varying noise level, and beam size
✓FWHM = 10 (blue/upper curves) or ✓FWHM = 30 (red/lower
curves).

the extent to which secondary contributions to CKK
L can

be modelled as L increases. As a fiducial value, we have
used Lmax = 300 here.

In Fig. 4 we show forecasted signal-to-noise as func-
tions of instrumental noise level and beam size. These
results include improvements from a generalization of the
Fisher matrix in Eq. (14) in which multiple K-fields are
defined corresponding to bins in CMB wavenumber l.
However, we find that the only case where this signifi-
cantly improves signal-to-noise is the three-band detec-
tion with ✓FWHM ⇠< 20.

It is seen that the signal-to-noise is a steep function
of noise level, favoring a deep small-field observing strat-
egy. However, for surveys smaller than a few hundred
square degrees, there is a signal-to-noise penalty beyond
the simple fsky scaling in Fig. 4, since CKK

L cannot be
measured on super-survey scales L  Lmin = (2⇡/✓surv).
This signal-to-noise penalty ranges from 5–10% for a 1000
deg2 survey, and 25–50% for a 100 deg2 survey, depend-
ing on the noise level and forecast chosen.

Including this penalty, some example surveys which
achieve N -bin detections are as follows. A 3� one-bin
detection can be achieved by a survey with area A = 500
deg2, noise �T = 4 µK-arcmin, and beam ✓FWHM = 1.4
arcmin. Likewise two-bin and three-bin 3� detections can
be achieved by surveys with (A,�T , ✓FWHM) = (900, 3, 1)
and (2400, 2, 1) respectively. An ambitious future survey
with 1 µK-arcmin noise, 1 arcmin beam, and fsky = 0.5
can achieve 1-bin, 2-bin, and 3-bin detections with sig-
nificance 279�, 44�, and 16�.

In this paper, we have identified a new non-Gaussian
signal in the CMB which is a distinctive observational
signature of the kSZ e↵ect. It should soon be detectable,
and an exciting milestone will be a “clean” detection of
patchy reionization, with minimal assumptions on mod-
elling of other CMB secondaries. Future experiments
such as CMB-S4 will have su�cient signal-to-noise to
measure the signal with more granularity and constrain
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