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CMB Lensing
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Figure 3. Example lensing-deflection maps (top) and thermal SZ (Compton y-maps, bottom) recon-
structed with Planck (left) and CMB-S4 data (right). The center panels show a 25 deg2 patch of the
all-sky lensing-deflection field in the WebSky simulations (top) and Compton y (bottom). The left panels
show Wiener-filtered maps of the signal after adding (Gaussian) noise and residual foregrounds with levels
corresponding to the Planck 2018 lensing-deflection map (top) and the Planck 2015 “Needlet Internal Linear
Combination” tSZ map (bottom). The right panel shows analogous Wiener-filtered maps with noise expected
for CMB-S4 (top) and residual foregrounds determined by the CMB-S4 + Planck tSZ noise power spectrum
in Fig. 20. The significantly higher fidelity of the CMB-S4 reconstruction is evident.

On its own, we can use this map to precisely measure the amplitude of large-scale structure at intermediate
redshifts, with important applications to dark energy, modified gravity, and studies of neutrino masses. In
concert with catalogs of objects, we can use this map to weigh samples (of e.g., galaxies and galaxy clusters)
to as high a redshift as such sources can be found. The technique of CMB lensing tomography, enabled by
CMB-S4 and galaxy catalogs from—for example—the Large Synoptic Survey Telescope (LSST), will allow
for the creation of mass maps in broad redshift slices out to redshifts as high as 5, making possible new
precision tests of cosmology. Such results explore the connection between visible baryons and the underlying
dark-matter sca↵olding. In conjunction with cosmic-shear surveys (e.g., LSST) that measure the low-redshift
mass distribution, a map of the high-redshift mass distribution can be constructed, gaining new insight into
the first galaxies. By calibrating cluster masses at high redshift, the abundance of galaxy clusters can be
used as an additional probe of dark energy and neutrino masses.

CMB-S4 Science Case, Reference Design, and Project Plan

CMB-S4 DSR report (2019)

A map of all the matter in the Universe, in projection
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CMB-S4 science book (2016)See talk by Boryana Hadzhiyska
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CMB Lensing
Challenges

• ESTIMATORS 
The most broadly-used estimator (Hu and Okamoto 2002) is 
not optimal for CMB-S4’s low noise!

• Several next-gen approaches available (Carron & Lewis 2018, Millea, 
Anderes, Wandelt 2019, Millea+ 2021, Hadzhiyska+ 2019)

• BARYONIC FEEDBACK (AGN, SNe) 
is a concern (Chung, Foreman, AvE 2020) but can likely be 
mitigated (McCarthy, Foreman, AvE 2020)

• FOREGROUNDS 
Several mitigation methods available (Osborne+2013, 
Madhavacheril & Hill 2018, Schaan & Ferraro 2018, 
Sailer+2020)
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Patchy τ
Screening
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FIG. 2: The reconstructed h� i and h⌧ i cross-power spectra from hEB i bispectrum estimator. The symbol X in the y-axis
denotes either � or ⌧ . (Left) reconstructed band-powers h�gi and h⌧gi; (Right) reconstructed band-powers h�⇥i and h⌧⇥i.
The simulations are done at Healpix resolution Nside = 2048 and `max = 4096 with fsky = 1, �P =

p
2µK-arcmin and ✓FWHM

= 10. A LSST-type galaxy survey and a full-sky CIB measured at 857 GHz are assumed.
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FIG. 3: Signal-to-noise ratios of h⌧ i with respect to instrumental noise �P (left) and `max (right). The horizontal gray dashed
line denotes a 3� detection threshold.

LSS tracers are limited to finite ranges, cross correlation
h⌧ i can precisely constrain matter-density-induced op-
tical depth fluctuations but probably hard to probe the
ionizing-field-induced ones which peak at very high red-
shifts. However, once a high redshift tracer is obtained,
both contributions will be precisely captured by the cross
correlation h⌧ i.

IV. CONCLUSION

In this paper we establish a bispectrum formalism to
reconstruct the secondary signatures generated by EDFs.

The unbiased cross correlations between EDFs and LSS
tracers can be detected from next generation CMB exper-
iments and LSS surveys. We further study the detection
significance of the EDFs from a few future CMB experi-
ments in conjunction with tracers of large scale structure,
such as LSST and CIB, and find that a 3� detection can
be achieved for high-resolution CMB polarization mea-
surements with noise levels �P < 4µK-arcmin and wide-
area galaxy surveys. Furthermore, this method can be
even extended to incorporate multiple tracers with red-
shift information so the detectability of the EDF signal
will be dramatically improved, making the cross correla-
tion h⌧ i a new probe of cosmology and astrophysics.

Feng & Holder 2018

• Reconstructed τ maps from patchy 
screening  
(Dvorkin & Smith 2009)

• ~10σ correlation with Rubin galaxy sample 
at z<1 (Feng & Holder 2018)

• ~4-17σ correlation with 21cm from 
reionization (HERA,SKA) depending on 
foreground treatment / contamination 
(Roy+2020)

• Also correlated with Compton-y 
(Namikawa+2021)
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Patchy τ
Scattering

Louis+2017
See also Hall & Challinor 2014

• We will detect the 
polarized quadrupole 
scattering (pSZ) from 
the S4-selected 
clusters (Louis+2017)

7

the cluster population. The polarized emission can be di-
rectly compared with the expected emission inferred from
measurement of our local last scattering surface. The
trace accounts for the constraining power on the opti-
cal depth in the uncorrelated component of the polarized
emission. This second term carries very little information
so we can safely neglect it. An analytical computation of
the Fisher matrix is possible: using the fact that the co-
herence length of the cosmological signal is much larger
than the angular extent of the galaxy clusters, we get

F↵� =
1

4⇡

Z
dzf↵�(z)

X

`m

pc,`m(z)p⇤c,`m(z)

� 1

4⇡

Z
dzdz

0
f↵(z)f�(z

0)

X

`m

pc,`m(z)[C`(z, z
0)]�1

p
⇤
c,`m(z0) (25)

The derivation of this result and the form of the weight
factors f↵�(z) and f↵(z) are provided in the Appendix.
The first term of this expression corresponds to a simple
inverse-variance weighting combination of all individual
cluster measurements, and the second term accounts for
the increase in variance due to the uncorrelated part of
the remote quadrupole signal. We note that the Fisher
matrix does not include uncertainties on the mass mea-
surement of the cluster. One possibility to infer clus-
ter masses is to use the relationship between tSZ flux
and cluster mass (e.g. [26]), which could be accurately
calibrated using the high signal-to-noise measurement
of CMB lensing [27, 28]. The uncertainties on cluster
masses will always be subdominant compared to mea-
surement errors on the polarization signal. This fisher
matrix does not take into account correlated noise be-
tween di↵erent cluster optical depth measurements. This
assumption will break down for nearby cluster due to the
correlation lenght of the background E modes.

B. Result for di↵erent CMB S4 experimental
specifications

The Fisher matrix allows us to forecast the expected
error bars on the power law parameter A and b of the
⌧500-M500 relationship, using the constraining power in
the correlated remote quadrupole signal. We choose as
a baseline the angular resolution displayed in Table I,
which corresponds to the angular resolution achievable
with three-meter mirrors, but we also investigate the ef-
fect of increasing the mirror size. The results of this anal-
ysis are shown in Figure 5 and Figure 6. Figure 5 shows
the total signal to noise on the correlated polarized emis-
sion, and Figure 6 shows the 68% and 95% confidence
levels on the ⌧500-M500 relationship parameters. For the
fiducial CMB S4 specifications, we expect a S/N ⇠ 3,
which would not result in a useful characterization of
the ⌧500-M500 relationship. The S/N improves linearly

FIG. 5: Aggregate S/N on the measurement of the cluster
polarized emission as a function of the mirror size for a future
CMB S4 experiment. The S/N is around 3 for the fiducial
S4 specifications and scales roughly linearly with mirror size.
Improvement on the S/N is due to the increased number of
clusters and the reduced e↵ective noise of the matched filter
for each cluster. The second e↵ect dominates at low and in-
termediate resolution while the first e↵ect becomes important
for telescope mirror > 7m.

with the telescope diameter. For example, if S4 is com-
posed of telescopes observing at arcminute resolution in
the 150 GHz band (corresponding to a 9-meter mirror) it
will reach a signal-to-noise of around nine on the cluster
polarized emission.

V. DISCUSSION

In this paper we have investigated the possibility for
the next-generation CMB S4 experiment to detect the
polarized emission generated by remote quadrupole scat-
tering on the hot electron gas inside clusters. We find
that this detection would be di�cult, with a signal to
noise of only 0.5% for typical cluster detected by S4 and
an overall expected detection of only 3� for the CMB S4
fiducial specifications. We find that the signal-to-noise
will increase linearly with respect to the angular reso-
lution of the telescope, reaching a 9� detection for a 9
meter mirror.
We also discuss the possibility of using the signal to cal-

ibrate the relationship between optical depth and mass
of the cluster, using the strong correlation between the
polarized emission at low redshift and our own last scat-
tering surface observations.
We should note that Fisher forecasts tends to be on

the optimistic side. While using the matched filter for-



Alexander van Engelen, ASU

Non-Gaussianity
38 Inflation

Type Planck actual (forecast) CMB-S4 CMB-S4 + low-` Planck Rel. improvement

Local �(fNL) = 5 (4.5) �(fNL) = 2.6 �(fNL) = 1.8 2.5

Equilateral �(fNL) = 43 (45.2) �(fNL) = 21.2 �(fNL) = 21.2 2.1

Orthogonal �(fNL) = 21 (21.9) �(fNL) = 9.2 �(fNL) = 9.1 2.4

Table 2-2. Constraint forecasts for several well-motivated non-Gaussian shapes using T and E modes.
We show both the actual Planck results and what our forecast predicts given Planck Blue Book values,
with fsky = 0.75. The table shows that we need to include low-` information from Planck for local type
non-Gaussianities. CMB-S4 is assumed to have fsky = 0.4, T-noise = 1µK-arcmin and E-noise =

p
2µK-

arcmin and a beam of 10, and `min = 30. The relative improvement factor compares forecasted CMB-S4 to
forecasted Planck uncertainties.

Perhaps of special interest for CMB-S4 are non-Gaussian signatures that would be expected in models of
large-field inflation. For example, in models in which the inflaton is an axion, there is only an approximate
discrete shift symmetry. In that case instanton contributions to the potential and periodic bursts of particle
or string production naturally lead to periodic features in the bispectrum. If moduli in the underlying
string constructions do not evolve appreciably, instanton contributions lead to oscillations with a constant
amplitude in the logarithm of k. In general, moduli evolve during inflation and cause a drift in the frequency
and a scale-dependent amplitude [178]. At present, these shapes have not yet been constrained systematically.
Often these contributions will lead to counterparts in the power spectrum and are expected to be detected
there first [179], but this need not be the case [180]. A first attempt has been made [164] to look for resonant
and local features in the bispectrum, and a more dedicated analysis is underway. Since features in the
power spectrum and the bispectrum generally contain correlated parameters [181, 156, 182, 183, 184, 185],
statistical methods have been developed to use constraints from both the power spectrum and the bispectrum
to further limit the model space [186, 187, 188]. Signatures of higher-order massive spin fields [159, 189]
would also lead to a bispectrum with decaying features, which will not be present in the power spectrum.

2.8 Spatial curvature

Despite the fact that inflation drives the spatial curvature to zero at the level of the background evolution,
it predicts small, but non-zero curvature for a typical observer. The curvature measured in a Hubble patch
receives contributions from long wavelength perturbations and is expected to be |⌦k| . 10�4. A measurement
exceeding this expectation would contain important information about the process responsible for inflation.
In particular, if |⌦k| is found to be considerably larger than this value, it would tell us that the inflaton was
not slowly rolling when scales slightly larger than our observable horizon exited the horizon. Furthermore,
observations of large negative ⌦k would falsify eternal inflation, while observation of positive and large ⌦k

would be consistent with false vacuum eternal inflation [190, 191].

Current constraints on this parameter from the CMB alone are ⌦k = 0.005+0.016
�0.017 [192]. Including baryon

acoustic oscillation (BAO) data tightens the bound to ⌦k = 0.000 ± 0.005. In the context of a 1-parameter
extension of ⇤CDM that includes curvature, the constraints on ⌦k only weakly depend on the resolution
and sensitivity for the range considered for CMB-S4. For sensitivities between 1 and 3 µK-arcmin and a
resolution between 1 and 3 arcmin, CMB-S4 together with low-` Planck data will place 1 � limits of 3⇥10�3.
Adding the DESI measurements of the BAO standard ruler (at redshifts of 0 to 1.9) significantly reduces the
uncertainty to a combined 1 � limit of around 7.1 ⇥ 10�4. CMB-S4 is therefore unable to measure curvature
levels typical of slow-roll eternal inflation and any detection of curvature by CMB-S4 would have profound
implications for the inflationary paradigm.

CMB-S4 Science Book

CMB-S4 Science Book (2016)

Meerburg, Meyers, AvE,  
Ali-Haimoud 2016

See also Duivenvoorden+ 2020

Planck x Planck

BICEP x SPTpol

CMB-S4 x CMB-S4

<BTT> bispectrum

• Primordial scalar NG:  
still some improvement over Planck possible

• Primordial tensor NG:  
Low B-mode noise with S4 will 
allow for new constraints on 
e.g. <BTT> bispectra

9

B expt. B noise (µK-’) B beam (’) `b T expt. T noise (µK-’) T beam (’) `b area (sq. deg.)
Planck 60 5 1600 Planck 30 5 1600 33,000
BICEP/Keck 3 60 130 SPTpol 5 1 8100 625
CMB-S4

p
2 1 8100 CMB-S4 1 1 8100 33,000

TABLE II: Assumed experimental parameters for forecasts. Beamsizes in arcmin are quoted as FWHM, related to �b in Eq.
31 by a factor of 2

p
2 ln 2. For reference we also show `b ⌘ 1/�b.
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FIG. 6: Forecasts for �(
p
rfh⇣⇣

NL ) for various CMB experiments
as a function of `max. The colored lines present constraints
when cosmic variance is negligible. The figure shows that
cosmic variance would be subdominant for current and near
future experiments if r = 0.01. For an experiment like CMB-
Stage IV the total variance would be dominated by cosmic
variance and not by instrumental noise unless r . 0.001 (with
`Tmax = 4500).

order of magnitude below the optimal CMB constraint on
the local-type scalar non-Gaussianity f

⇣⇣⇣
NL . Furthermore,

it was shown in Ref. [50] that the hTTT i bispectrum

could provide constraints on
p

rf
h⇣⇣
NL ⇠ O(10)f�1/2

sky . The
forecasts presented in this paper show that using hBTT i
has the potential to improve that constraint by nearly
two orders of magnitude. In order to fully exploit the
power of hBTT i one should consider more general mod-
els of the early Universe that could potentially violate
this bound. We will leave this to future work.
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FIG. 7: Forecasts for �(
p
rfh⇣⇣

NL ) for various CMB experi-
ments. This figure illustrates that current experiments are
all noise dominated for allowed values of r. CMB-Stage
IV is comic variance dominated unless r . 0.005 (with
`Tmax = 3400). Cosmic variance limit can only be reduced
if we consider more modes, i.e. by increasing `Tmax).

VI. DISCUSSION AND CONCLUSION

We have explored the potential of the hBTT i bispec-
trum as probe of the early universe. The odd intrinsic
parity of B-modes gives this bispectrum some properties
which di↵er from that of the hTTT i bispectrum, but both
are generically non-vanishing in a parity-conserving uni-
verse, and are sourced by primordial bispectra which are
predicted to be of the same order in slow-roll parameters
in single-field slow-roll inflation.

One advantage of the hBTT i bispectrum is that the
signal su↵ers less from cosmic variance than its hTTT i
counterpart for constraining the tensor-scalar-scalar bis-
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has the potential to improve that constraint by nearly
two orders of magnitude. In order to fully exploit the
power of hBTT i one should consider more general mod-
els of the early Universe that could potentially violate
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FIG. 7: Forecasts for �(
p
rfh⇣⇣

NL ) for various CMB experi-
ments. This figure illustrates that current experiments are
all noise dominated for allowed values of r. CMB-Stage
IV is comic variance dominated unless r . 0.005 (with
`Tmax = 3400). Cosmic variance limit can only be reduced
if we consider more modes, i.e. by increasing `Tmax).

VI. DISCUSSION AND CONCLUSION

We have explored the potential of the hBTT i bispec-
trum as probe of the early universe. The odd intrinsic
parity of B-modes gives this bispectrum some properties
which di↵er from that of the hTTT i bispectrum, but both
are generically non-vanishing in a parity-conserving uni-
verse, and are sourced by primordial bispectra which are
predicted to be of the same order in slow-roll parameters
in single-field slow-roll inflation.

One advantage of the hBTT i bispectrum is that the
signal su↵ers less from cosmic variance than its hTTT i
counterpart for constraining the tensor-scalar-scalar bis-

See talk by Will Coulton
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If we instead assume �8 to be perfectly known, the bias
constraints improve by up to a factor of 5 for high `max,
showing that the degeneracy between �8 and bias plays
an important role for our noise levels. This also explains
why the precision of �8 and bias are similar when we mea-
sure one and marginalize over the other. If we decrease
noise su�ciently, and cover the CMB lensing kernel with
enough galaxies out to high redshift, this situation will
change at some point and bias can benefit from sam-
pling variance cancellation, so in principle it could be
determined much more accurately than �8 which is al-
ways limited by sampling variance [59] (also see end of
Section V above). Our forecasts suggest that this may
require experiments beyond CMB-S4 and LSST, but we
leave a more detailed investigation for future work.

B. Local primordial non-Gaussianity

1. Setup

We continue with forecasts for local primordial non-
Gaussianity from its scale-dependent bias e↵ect. To allow
some freedom of the shape of the matter power spectrum,
we marginalize over a ‘fake’ parameter f fake

NL that rescales
the matter power spectrum using the same scale- and
redshift-dependence as the scale-dependent bias:

C

` =

Z

z
W

2
 (z) [1 + f

fake
NL �(k, z = 1)]2 Pmm(k, z), (20)

C
gi
` =

Z

z
W(z)Wgi(z)Bibi(z) [1 + fNL�(k, z)]

⇥ [1 + f
fake
NL �(k, z = 1)]2 Pmm(k, z), (21)

and

C
gigj
` =

Z

z
Wgi(z)Wgj (z)Bibi(z)Bjbj(z)Pmm(k, z)

⇥ [1 + fNL�(k, z)]
2 [1 + f

fake
NL �(k, z = 1)]2

+ �
K
ijN

gigi
` . (22)

Here, �(k, z) / k
�2 is the fractional change of the bias

for fNL = 1 as defined in Eq. (B2). The equations as-
sume the Limber approximation with k = `/�(z), but we
include beyond-Limber corrections on large scales `  50
as described in Appendix A, where we also define the
redshift kernels W and the shot noise N

gg. The redshift
integrals include a conversion factor given by Eq. (A9).
A more complete analysis would marginalize over all
changes of the matter power spectrum due to changes
in cosmological parameters within some priors, but we
expect that marginalizing over f

fake
NL captures the worst

possible case because its shape is perfectly degenerate
with that of the true fNL.

We also marginalize over linear galaxy bias by
marginalizing over the bias amplitude parameters Bi of

FIG. 15. Forecasted precision of the amplitude of local
primordial non-Gaussianity fNL as a function of minimum
wavenumber `min of CMB lensing  and galaxy overdensities,
for di↵erent LSS surveys (colors), assuming `max = 500 and
fsky = 0.5. Solid curves assume all experiments observe the
same patch of sky, whereas dashed curves assume mutually
independent patches with no sky overlap. We marginalize
over galaxy bias and over f fake

NL defined in Eqs. (20)-(22) to
marginalize over changes in the matter power spectrum that
mimic the e↵ect of fNL. Integrations along the line of sight
are computed exactly for `  50 and with the Limber approx-
imation for ` > 50.

each tomographic redshift bin, assuming that the redshift
evolution of the bias within each redshift bin is known,
and assuming no priors for the amplitudes Bi.

2. Baseline results

In Fig. 15 we show the expected fNL precision as a
function of the largest scale or minimum wavenumber
`min included in the analysis. A joint analysis of CMB-
S4 lensing with 3-year i < 27 LSST clustering measure-
ments at z = 0 � 7 is able to reach �(fNL) = 0.4 for
`min = 2, �(fNL) = 0.7 for `min = 10, and �(fNL) = 1
for `min = 20. This is twelve to five times stronger than
the best current constraint, �(fNL) = 5.0 [79]. Com-
bining CMB lensing with LSS clustering on large scales
thus o↵ers an intriguing method to test if fNL is larger or
smaller than one, which is very exciting because a detec-
tion of fNL > O(1) would rule out single-field inflation
in a model-independent way (see Appendix B 1).

3. Driving factors

The baseline fNL forecast is driven by several factors
that we discuss next.

First, as already indicated above and shown in Fig. 15,
the fNL precision improves rather strongly with the

Schmittfull & Seljak 2018

• fNL from scale-dependent 
halo bias (Dalal+ 2007)

• CMB-S4 lensing maps 
can be used with e.g. the 
Rubin Survey to achieve 
σ(fNL)~1
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Galactic Science

• High-resolution maps from 
the ground reveal detail 
not seen by Planck! 

• Studying magnetic fields in 
star-forming regions

• Turbulence, coupling 
between gas and dust
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Figure 23: Comparison of ACT+Planck and Planck alone in the region 95� > RA > 93�, 15� < dec < 19� in the
galactic plane. ACT’s 5⇥ higher resolution than Planck allows for high-resolution dust science at CMB-relevant
frequencies.
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ACT DR5 maps
Naess+ (ACT) 2021See talk by Susan Clark
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Halo Catalogue Mapmaking Code+
* Many Peak Patch Full-sky catalogues available *Available to the collaboration

see Marcelo or George

= CIB tSZ HI Lensing Optical kSZ

George Stein - AdvACT Collaboration meeting                                                                                                                                Princeton, Feb 2nd-5th, 2017

Validated with N-body at HMF+2point+visual

cross correlations automatically included!

Dust in  
 galaxies

Hot electrons 
 in galaxy  
clusters

Neutral  
hydrogen  
in galaxies

CMB  
lensing  
mass

Starlight from
galaxies

Free  
electrons

in galaxies

Websky Sims from Stein, Alvarez, Bond, AvE, Battaglia 2020
The CMB as a Backlight


