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CMB Lensing
A map of all the matter in the Universe, in projection
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Science Case
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CMB-S4 DSR report (2019)
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CMB Lensing
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~0.2% precision

L2(L + 1)2CL¡¡/(2º)

10°7

10°8

¢CL¡¡(ßm∫ )/CL¡¡(0 meV)

10°9
0

σ(Σmν) ~ 15-30 meV
(minimal is 60 meV)

= 0 meV
= 30 meV
= 60 meV
= 90 meV
= 120 meV

CMB-S4
CV limit

500

1000

1500
L

2000

2500

3000

500

1000

1500
L

2000

2500

3000

0.04
0.02
0.00
°0.02
°0.04
°0.06

0

See talk by Boryana Hadzhiyska
Alexander van Engelen, ASU

ßm∫
ßm∫
ßm∫
ßm∫
ßm∫

CMB-S4 science book (2016)

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)

FEEDBACK (AGN, SNe)
• BARYONIC
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)
Alexander van Engelen, ASU
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FIG. 2: The reconstructed h i and h⌧ i cross-power spectra
denotes either or ⌧ . (Left) reconstructed band-powers h gi
The simulations are done at Healpix resolution Nside = 2048 an
= 10 . A LSST-type galaxy survey and a full-sky CIB measured

•

•

102
GAL (LSST)
CIB (857GHz)

~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)
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•

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

fsky S/N

•

100

Also correlated with Compton-y
(Namikawa+2021)
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FIG. 3: Signal-to-noise ratios of h⌧ i with respect to instrumen
line denotes a 3 detection threshold.
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Scattering
a.k.a. Polarized SZ

Patchy τ
Scattering
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ter population. The polarized emission can be diompared with the expected emission inferred from
ement of our local last scattering surface. The
ccounts for the constraining power on the optith in the uncorrelated component of the polarized
n. This second term carries very little information
an safely neglect it. An analytical computation of
her matrix is possible: using the fact that the colength of the cosmological signal is much larger
e angular extent of the galaxy clusters, we get
Z
X
1
=
dzf↵ (z)
pc,`m (z)p⇤c,`m (z)
↵
4⇡
`m
Z
1
dzdz 0 f↵ (z)f (z 0 )
4⇡
X
pc,`m (z)[C` (z, z 0 )] 1 p⇤c,`m (z 0 ) (25)

•

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

`m

rivation of this result and the form of the weight
f↵ (z) and f↵ (z) are provided in the Appendix.
st term of this expression corresponds to a simple
variance weighting combination of all individual
measurements, and the second term accounts for
Alexander
van Engelen,
ASU
rease
in variance
due to
the uncorrelated part of

FIG. 5: Aggregate S/N on the
measurement of the cluster
Louis+2017
polarized emission See
as a function
of the
mirror size for
a future
also Hall
& Challinor
2014
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
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Primordial scalar NG:
TABLE II: Assumed
p experimental parameters for forecasts.
still some improvement
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2 2 ln 2. For reference we also show `bInflation
⌘ 1/ b
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CMB-S4 + low-` Planck

Rel. improvement

Local
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well-motivated
non-Gaussian
shapes1 using8100
T and33,000
E modes.

CMB-S4
Table 2-2. Constraint
forecasts for2 several
CMB-S4 Science Book (2016)
We show both the actual Planck results and what our forecast predicts given Planck Blue Book values,
with fsky =TABLE
0.75. II:
The
table
shows thatparameters
we needfor
toforecasts.
include Beamsizes
low-` information
Planck
for related
local
Assumed
in arcmin arefrom
quoted
as FWHM,
to b in Eq.
p experimental
p type
31 by a factor
of 2 2is
ln 2.
For reference
we also
show
b ⌘ 1/
b.
non-Gaussianities.
CMB-S4
assumed
to have
fsky
= `0.4,
T-noise
= 1 µK-arcmin and E-noise = 2 µKarcmin and a beam of 10 , and `min = 30. The relative improvement factor compares forecasted CMB-S4 to
forecasted Planck uncertainties.

<BTT> bispectrum

Primordial tensor NG:

Low B-mode noise with S4 will
Perhaps of special interest for CMB-S4 are non-Gaussian signatures that would be expected in models of
Planck
x Planck
is an axion,
there is only an approximate
allow for new constraintslarge-field
on inflation. For example, in models in which the inflaton
=
discrete shift symmetry. In that case instanton contributions to the potential and periodic bursts of particle
e.g. <BTT> bispectra or string production naturally lead to periodic features in the bispectrum. If moduli in the underlying
-

-

BICEP x SPTpol
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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],
= constraints from both the power spectrum and the bispectrum
statistical methods have been developed to use
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.

CMB-S4 x CMB-S4

-

-

See talk by Will Coulton
2.8 Spatial curvature

=

Meerburg, Meyers, AvE,
Ali-Haimoud 2016
See also Duivenvoorden+ 2020
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p h⇣⇣
Despite the fact that inflation drives
level for
of the
evolution,
p h⇣⇣the spatial curvature to zero
FIG.at7: the
Forecasts
( rfbackground
NL ) for various CMB experiFIG. 6: Forecasts for ( rfNL
) for various CMB experiments
ments.
This
figure
illustrates
that
current
experiments
it predicts small,
but
non-zero
curvature
for
a
typical
observer.
The
curvature
measured
in
a
Hubble
patchare
as a function of `max . The colored lines present constraints
noise dominated for allowed values
of r. CMB-Stage
when cosmic
is negligible. The
figure shows that
receives contributions
fromvariance
long wavelength
perturbations
and is all
expected
to be |⌦ | . 10 4 . A measurement

Non-Gaussianity
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assume 8 to be perfectly known, the bias
prove by up to a factor of 5 for high `max ,
he degeneracy
between
8 and bias plays
fNL from
scale-dependent
ole for our noise levels. This also explains
bias
(Dalal+
on of halo
are similar
when 2007)
we mea8 and bias
marginalize over the other. If we decrease
y, and cover the CMB lensing kernel with
s out to high redshift, this situation will
e point and bias can benefit from samCMB-S4
cancellation,
so in lensing
principle it maps
could be
ch more
accurately
than with
is al-the
8 which
can
be
used
e.g.
y sampling variance [59] (also see end of
Rubin
Survey
to achieve
ve). Our
forecasts
suggest that
this may
ments beyond CMB-S4 and LSST, but we
NL)~1 for future work.
etailedσ(f
investigation

•
•

ocal primordial non-Gaussianity
1.

Setup

with forecasts for local primordial nonmAlexander
its scale-dependent
bias e↵ect. To allow
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FIG. 15. Forecasted precision of the amplitude of local
Schmittfull
& Seljak
2018
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

Galactic Science
f090

f150

f220

•

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

ACT+Planck

ACT + Planck

Studying magnetic fields in
star-forming regions

•

Turbulence, coupling
between gas and dust

See talk by Susan Clark
Alexander van Engelen, ASU

Planck

•

4 deg.

Planck
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Figure 23: Comparison of ACT+Planck and Planck alone in the region 95 > RA > 93 , 15 < dec < 19 in
galactic plane. ACT’s 5⇥ higher resolution than Planck allows for high-resolution dust science at CMB-relev
frequencies.

ACT DR5 maps
Naess+ (ACT) 2021
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Websky Sims from Stein, Alvarez, Bond, AvE, Battaglia
2020
Princeton,
Feb

