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OUTLINE
1. The CMB as a backlight

2. Scattering effects: ionized gas
• Oriented tSZ stacking: CGM and feedback
• Patchy screening and kSZ: CGM, Reionization

3. CMB lensing: dark matter
• State of the art: ACT & SPT, Simons Observatory, CMB-S4
• New lensing estimators
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Surveys
ACT • Millimeter observations: 30, 40, 90, 150, 

220 GHz

• Large telescope: 1-2 arcmin resolution, 
5x higher than Planck

• Noise 3-6x lower than Planck

• Location in Chile: sees lots of sky 
(70%); but not as deep as SPT (worse 
atmosphere)

Near-term: ACTPol / AdvACT

ACT



Alexander van Engelen, ASU

Atacama Cosmology Telescope

2022

2019



Alexander van Engelen, ASU



Alexander van Engelen, ASU

PlanckACT

Credit Sigurd Naess, ACTPol team



Alexander van Engelen, ASU

PlanckACT

Credit Sigurd Naess, ACTPol team



Alexander van Engelen, ASU

ACT*

Polarbear / 
Simons Array

SPT

BICEP

Simons 
Observatory*

CMB-S4*

Rough experimental timeline

Time
Now 2023 Mid-late 2020s

LiteBIRD

gr
ou

nd
sp

ac
e

PICO(?)*
*: AvE membership



Alexander van Engelen, ASU

Credit Sigurd Naess, ACTPol team

10-1

100

101

102

103

101 102 103 104 105 106 107 108 109

D
ep

th
 (µ

K
 a

rc
m

in
)

Number of modes

ACT
2014

ACT
2021

SO-LAT
2027

SO-SAT
2027

Planck
2013

SPT
2015

SPT
2024

WMAP
2010

BICEP
2015

BICEP
2024

PB
2014 LiteBIRD

2030

Primordial B-modes

Lensing
Clusters
AGNs

DSFGs
Transients

Neff

∝
Ωsurvey

θ2
resolution

CMB experiments



Alexander van Engelen, ASU

CMB  
science
c. 2025

Image: PICO team

First luminous
 sources

Milky Way  
DynamicsCosmic 

Birefringence
Interstellar Dust 

 
Primordial              

Mag. Fields 
 

Neutrino Mass

Cluster Evolution  

Relativistic Species              Galaxy Evolution                        Dark Matter
Inflation & Quantum Gravity

Dark Energy            



Alexander van Engelen, ASU

OUTLINE
1. The CMB as a backlight

2. Scattering effects: ionized gas
• Oriented tSZ stacking: CGM and feedback
• Patchy screening and kSZ: CGM, Reionization

3. CMB lensing: dark matter
• State of the art: ACT & SPT, Simons Observatory, CMB-S4
• New lensing estimators



Alexander van Engelen, ASU

The CMB as a backlight

Wayne Hu’s websiteplus, emission in mm from dusty galaxies and AGN



Alexander van Engelen, ASU

The CMB as a backlight

Wayne Hu’s websiteplus, emission in mm from dusty galaxies and AGN



Alexander van Engelen, ASU

SZ effects

Fi
gs

: M
ro

cz
ko

w
sk

i+
+ 

re
vi

ew
 a

rti
cl

e 
20

198 Tony Mroczkowski et al.

Comptonized 
photon

CMB 
photon

Hot plasma

Energetic 
electron

Fig. 1 Updated illustration based on the classic L. van Speybroeck SZ diagram adapted by J. E. Carl-
strom. A CMB photon (red) enters the hot ICM (light blue) from an arbitrary angle, and on average is
up-scattered to higher energy (blue) by an electron (black). The largest energy is imparted on the photon
when it is scattered into the direction of the incoming electron, and it is minimal when deflected into the di-
rection opposite to the incoming electron. However, on average scattering constellations with ' 90� angles
between the particles are most relevant for the tSZ. The total momentum in the interaction is conserved,
so the electron is essentially undeflected by the interaction.

2.1 The thermal SZ e↵ect

As CMB photons pass through regions of hot thermal gas (see schematic represen-
tation in Figure 1), inverse Compton scattering moves them from the low-frequency
region of the blackbody spectrum towards higher energies. In single-scattering events
with electrons at speed � drawn from an isotropic velocity distribution there is no
net e↵ect, as the gains and losses average out to leading order, leaving a second
order term. The average energy gained by a CMB photon in each scattering is deter-
mined by �⌫/⌫ ' (4/3) �2

' 4kTe/mec2 (e.g., Rybicki & Lightman 1979; Sazonov
& Sunyaev 2000). In the last step, we used �2

th/3 ⇡ kTe/mec2 for a thermal (non-
relativistic) velocity distribution. Similarly, a narrow photon line broadens by �⌫/⌫ 'p

(2/3) �2 '
p

2kTe/mec2 in each scattering event. In the non-relativistic limit, both
e↵ects can be incorporated using the Kompaneets equation (Kompaneets 1956), which
when applied to the case of SZ clusters3 reduces to a simple di↵usion equation in

3 Stimulated scattering and recoil terms can be omitted.

Astrophysics with the Spatially and Spectrally Resolved Sunyaev-Zeldovich E↵ects 11
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Fig. 3 Diagram for the kinematic SZ. A CMB photon (red) enters the hot ICM (light blue) from an arbi-
trary angle, and, for this geometry, is up-scattered to higher energy (blue) by an electron (white dot) in a
moving ICM. To first order order in � = 3/c only the line of sight projection of the cluster’s bulk motion
matters for the corresponding intensity change.

crucial role in the formation of the CMB temperature and polarisation anisotropies
(e.g., Sunyaev & Zeldovich 1970; Peebles & Yu 1970; Hu & Sugiyama 1995).

The kSZ e↵ect produces a shift in CMB temperature in the direction n of a mov-
ing cluster, which can be written as

�TCMB

TCMB

⇡ �

Z
�Tne n · �p dl = �

Z
n · �p d⌧e ⌘ �ykSZ (6)

in terms of the e↵ective shift in CMB temperature, or

�I⌫ ⇡ �I0
x4ex

(ex � 1)2 ykSZ (7)

in terms of the CMB intensity shift (where I0 is defined in Eq. 3). This signal is in-
distinguishable from that of the hot and cold spots in the primary CMB, unless scale-
dependent information or correlations with other astronomical data are exploited. To
leading order, only the line of sight component, �p,k = n · �p = µp �p, of the cluster’s
peculiar motion is relevant. The temperature shift is furthermore negative for a line
of sight velocity away from the observer, and positive when the cluster approaches
the observer (consistent with the convention that the z vector increases with redshift).

e- density x l.o.s. velocity

kSZ ∝ ∫ dl ne
vlos

c
∝ ∫ dl ne Te

e- density

tSZ
x e- temperature
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electron  
density x l.o.s. velocity

kSZ ∝ ∫ dl ne
vlos

c
tSZ ∝ ∫ dl ne Te

electron  
density x temperature

Fig: Websky simulations, z < 4.5  
Stein, Alvarez, Bond, AvE, Battaglia 2019
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• Stacking on galaxy samples allows for mapping 
of ionized gas (Circumgalactic medium)  
(e.g. Schaan++(ACT) 2021)

• tSZ: gas pressure/energy
• kSZ: gas density (but need to know velocities)

• Recent results show surprisingly strong 
feedback (e.g. Hadzhiyska++(ACT) 2024)
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Future possibilities:
CMB-S4 stacked on DESI

56 Science Case

Low-redshift BOSS/SDSS LRGs

High-redshift DESI LRGs

Figure 21. CMB-S4 constraints on the cumulative electron-density (left) and thermal-energy (right)
profiles will distinguish between feedback models. Top row: Stacking N = 2.5 ⇥ 105 BOSS and SDSS
LRG halos of average mass M200c = 1013 M� at z = 0.2. The left panel is extracted from the kSZ signal and
the right panel from the tSZ signal. The lines come from density and pressure profiles around such halos
measured in six cosmological hydrodynamics simulations: BAHAMAS [395] (fiducial blue, “high-AGN”
orange, “low-AGN” green); Battaglia et al. [396, 397] (red); EAGLE [398] (magenta); and IllustrisTNG-300
[399, 400, 401] (brown). The data points average the predictions, and show error bars determined via stacked
aperture photometry applied to component-separated maps from CMB-S4 LAT and Planck data (or SO and
Planck data). The dashed vertical lines denotes r200c. The insets give the CMB-S4 forecast signal-to-noise
ratio. The error bars are highly correlated due to the photometry method, but the models can nonetheless
be distinguished at high significance. Bottom row: The same, inferred by stacking N = 2.5⇥105 DESI LRG
halos of average mass M200c = 1013 M� at z = 1. We emphasize that ionized gas properties in the low-mass,
high-redshift regime shown in the bottom row cannot be easily measured with any other astrophysical probe.

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

56 Science Case

Low-redshift BOSS/SDSS LRGs

High-redshift DESI LRGs

Figure 21. CMB-S4 constraints on the cumulative electron-density (left) and thermal-energy (right)
profiles will distinguish between feedback models. Top row: Stacking N = 2.5 ⇥ 105 BOSS and SDSS
LRG halos of average mass M200c = 1013 M� at z = 0.2. The left panel is extracted from the kSZ signal and
the right panel from the tSZ signal. The lines come from density and pressure profiles around such halos
measured in six cosmological hydrodynamics simulations: BAHAMAS [395] (fiducial blue, “high-AGN”
orange, “low-AGN” green); Battaglia et al. [396, 397] (red); EAGLE [398] (magenta); and IllustrisTNG-300
[399, 400, 401] (brown). The data points average the predictions, and show error bars determined via stacked
aperture photometry applied to component-separated maps from CMB-S4 LAT and Planck data (or SO and
Planck data). The dashed vertical lines denotes r200c. The insets give the CMB-S4 forecast signal-to-noise
ratio. The error bars are highly correlated due to the photometry method, but the models can nonetheless
be distinguished at high significance. Bottom row: The same, inferred by stacking N = 2.5⇥105 DESI LRG
halos of average mass M200c = 1013 M� at z = 1. We emphasize that ionized gas properties in the low-mass,
high-redshift regime shown in the bottom row cannot be easily measured with any other astrophysical probe.

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

CMB-S4 DSR  
Report
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Figure 1. A visualization of unoriented (top) versus ori-
ented (bottom) stacking. When stacking cluster cutout im-
ages from the Compton-y map with random orientation, the
signal from external structure is averaged out such that the
final image, as the number of cutouts increases, approaches
perfect isotropy. In oriented stacking, we determine the di-
rection of strongest alignment around each cluster using the
curvature of galaxy overdensity maps. We rotate each cutout
image before stacking such that the excess y signal from
anisotropic superclustering is overlaid.

in simulations; it was also applied to studies of CMB po-
larization in Planck Collaboration et al. (2016b). Our
paper presents its first application to a combination of
CMB and galaxy data. This work complements a recent
theoretical exploration of anisotropic superclustering in
full 3D and in 2D projections given in Regaldo-Saint
Blancard et al. (2021).
In Figure 1 we illustrate how oriented stacking is ap-

plied to a combination of a CMB y-map and galaxy and
cluster surveys to tease out the faint tSZ signals from
superclustering. In this method, we stack the tSZ signal
from both clusters and the surrounding gas by align-
ing along a measured axis of large-scale structure. We
go beyond previous filament studies by applying char-
acteristics of the galaxy field to select on areas of high
superclustering, which we control, augmenting the sig-
nal relative to the fluctuation noise. We demonstrate
how multi-scale selections on superclustering features
can probe how the gas signal changes with scale. Af-
ter performing oriented stacks, we quantify our results

using a multipolar decomposition of the results. We
compare the observational results with two simulations.
Because the number of stacked objects in this work

is 2–3 orders of magnitude smaller than the cluster-pair
stacking studies, we do not expect to significantly detect
the WHIM signal. Rather, the dominant signals come
from clusters and galaxy groups, and thus our methods
generally probe the anisotropic clustering of thermal en-
ergy. In future work, we will determine whether the
methods described herein can be used to find explicit
evidence for hot gas outside of halos.
This paper is organized as follows. In Section 2, we de-

scribe each data product. Section 3 describes the prop-
erties of the galaxy density field we use to find regions
of high superclustering. Section 4 describes the stack-
ing methods used. Section 5 presents the expected sig-
nal from the Websky (Stein et al. 2020) and Buzzard
(DeRose et al. 2019) simulations with various cluster
populations. In Section 6 we compare the ACT⇥DES
results with the Buzzard simulations and forecast for fu-
ture data. Finally, in Section 7 we discuss the prospects
of applying these novel methods to future supercluster-
ing analysis.
Throughout the paper, when a cosmological model

is assumed for conversions from redshift to comoving
distance and from angular size to transverse comov-
ing distance, we use the Planck15 cosmology from the
astropy.cosmology

1 package which implements a Flat
⇤CDM model with parameters from the Planck Collab-
oration et al. (2016c). The model has ⌦M = 0.308,
⌦k = 0, ⌦⇤ = 0.691, a single species of massive neutri-
nos with mass 0.06 eV, and H0 = 67.7 km s�1 Mpc�1.
All quoted distances are in comoving units.

2. DATA

In this work we combine the tSZ Compton-y signal
maps derived from high-resolution ACT measurements
with DES cluster and galaxy catalogs, and then compare
our observational results to simulations of large scale
structure.

2.1. ACT Compton-y map

ACT is a 6-meter o↵-axis Gregorian telescope, located
in the Atacama Desert of northern Chile, at an eleva-
tion of 5190 m on the Cerro Toco stratovolcano (Fowler
et al. 2007; Swetz et al. 2011). The telescope has been
operating since 2008, first measuring only temperature
fluctuations in the microwave regime. In 2013 the ACT-
Pol receiver was deployed, enabling ACT to observe both

1 https://docs.astropy.org/en/stable/cosmology/index.html#
module-astropy.cosmology

Lokken, Hlozek, AvE, Madhavacheril++ (ACT & DES teams) 2022

Oriented stacking

Martine 
Lokken,

IFAE 
Barcelona Lokken, AvE++ (ACT & DES teams) 2024
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Figure 1. A visualization of unoriented (top) versus ori-
ented (bottom) stacking. When stacking cluster cutout im-
ages from the Compton-y map with random orientation, the
signal from external structure is averaged out such that the
final image, as the number of cutouts increases, approaches
perfect isotropy. In oriented stacking, we determine the di-
rection of strongest alignment around each cluster using the
curvature of galaxy overdensity maps. We rotate each cutout
image before stacking such that the excess y signal from
anisotropic superclustering is overlaid.

in simulations; it was also applied to studies of CMB po-
larization in Planck Collaboration et al. (2016b). Our
paper presents its first application to a combination of
CMB and galaxy data. This work complements a recent
theoretical exploration of anisotropic superclustering in
full 3D and in 2D projections given in Regaldo-Saint
Blancard et al. (2021).
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is 2–3 orders of magnitude smaller than the cluster-pair
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from clusters and galaxy groups, and thus our methods
generally probe the anisotropic clustering of thermal en-
ergy. In future work, we will determine whether the
methods described herein can be used to find explicit
evidence for hot gas outside of halos.
This paper is organized as follows. In Section 2, we de-

scribe each data product. Section 3 describes the prop-
erties of the galaxy density field we use to find regions
of high superclustering. Section 4 describes the stack-
ing methods used. Section 5 presents the expected sig-
nal from the Websky (Stein et al. 2020) and Buzzard
(DeRose et al. 2019) simulations with various cluster
populations. In Section 6 we compare the ACT⇥DES
results with the Buzzard simulations and forecast for fu-
ture data. Finally, in Section 7 we discuss the prospects
of applying these novel methods to future supercluster-
ing analysis.
Throughout the paper, when a cosmological model

is assumed for conversions from redshift to comoving
distance and from angular size to transverse comov-
ing distance, we use the Planck15 cosmology from the
astropy.cosmology

1 package which implements a Flat
⇤CDM model with parameters from the Planck Collab-
oration et al. (2016c). The model has ⌦M = 0.308,
⌦k = 0, ⌦⇤ = 0.691, a single species of massive neutri-
nos with mass 0.06 eV, and H0 = 67.7 km s�1 Mpc�1.
All quoted distances are in comoving units.

2. DATA

In this work we combine the tSZ Compton-y signal
maps derived from high-resolution ACT measurements
with DES cluster and galaxy catalogs, and then compare
our observational results to simulations of large scale
structure.

2.1. ACT Compton-y map

ACT is a 6-meter o↵-axis Gregorian telescope, located
in the Atacama Desert of northern Chile, at an eleva-
tion of 5190 m on the Cerro Toco stratovolcano (Fowler
et al. 2007; Swetz et al. 2011). The telescope has been
operating since 2008, first measuring only temperature
fluctuations in the microwave regime. In 2013 the ACT-
Pol receiver was deployed, enabling ACT to observe both

1 https://docs.astropy.org/en/stable/cosmology/index.html#
module-astropy.cosmology

Lokken, Hlozek, AvE, Madhavacheril++ (ACT & DES teams) 2022

• A unique way to measure gas 
outside halos

Oriented stacking

Martine 
Lokken,

IFAE 
Barcelona Lokken, AvE++ (ACT & DES teams) 2024
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Figure 1. A visualization of unoriented (top) versus ori-
ented (bottom) stacking. When stacking cluster cutout im-
ages from the Compton-y map with random orientation, the
signal from external structure is averaged out such that the
final image, as the number of cutouts increases, approaches
perfect isotropy. In oriented stacking, we determine the di-
rection of strongest alignment around each cluster using the
curvature of galaxy overdensity maps. We rotate each cutout
image before stacking such that the excess y signal from
anisotropic superclustering is overlaid.

in simulations; it was also applied to studies of CMB po-
larization in Planck Collaboration et al. (2016b). Our
paper presents its first application to a combination of
CMB and galaxy data. This work complements a recent
theoretical exploration of anisotropic superclustering in
full 3D and in 2D projections given in Regaldo-Saint
Blancard et al. (2021).
In Figure 1 we illustrate how oriented stacking is ap-

plied to a combination of a CMB y-map and galaxy and
cluster surveys to tease out the faint tSZ signals from
superclustering. In this method, we stack the tSZ signal
from both clusters and the surrounding gas by align-
ing along a measured axis of large-scale structure. We
go beyond previous filament studies by applying char-
acteristics of the galaxy field to select on areas of high
superclustering, which we control, augmenting the sig-
nal relative to the fluctuation noise. We demonstrate
how multi-scale selections on superclustering features
can probe how the gas signal changes with scale. Af-
ter performing oriented stacks, we quantify our results

using a multipolar decomposition of the results. We
compare the observational results with two simulations.
Because the number of stacked objects in this work

is 2–3 orders of magnitude smaller than the cluster-pair
stacking studies, we do not expect to significantly detect
the WHIM signal. Rather, the dominant signals come
from clusters and galaxy groups, and thus our methods
generally probe the anisotropic clustering of thermal en-
ergy. In future work, we will determine whether the
methods described herein can be used to find explicit
evidence for hot gas outside of halos.
This paper is organized as follows. In Section 2, we de-

scribe each data product. Section 3 describes the prop-
erties of the galaxy density field we use to find regions
of high superclustering. Section 4 describes the stack-
ing methods used. Section 5 presents the expected sig-
nal from the Websky (Stein et al. 2020) and Buzzard
(DeRose et al. 2019) simulations with various cluster
populations. In Section 6 we compare the ACT⇥DES
results with the Buzzard simulations and forecast for fu-
ture data. Finally, in Section 7 we discuss the prospects
of applying these novel methods to future supercluster-
ing analysis.
Throughout the paper, when a cosmological model

is assumed for conversions from redshift to comoving
distance and from angular size to transverse comov-
ing distance, we use the Planck15 cosmology from the
astropy.cosmology

1 package which implements a Flat
⇤CDM model with parameters from the Planck Collab-
oration et al. (2016c). The model has ⌦M = 0.308,
⌦k = 0, ⌦⇤ = 0.691, a single species of massive neutri-
nos with mass 0.06 eV, and H0 = 67.7 km s�1 Mpc�1.
All quoted distances are in comoving units.

2. DATA

In this work we combine the tSZ Compton-y signal
maps derived from high-resolution ACT measurements
with DES cluster and galaxy catalogs, and then compare
our observational results to simulations of large scale
structure.

2.1. ACT Compton-y map

ACT is a 6-meter o↵-axis Gregorian telescope, located
in the Atacama Desert of northern Chile, at an eleva-
tion of 5190 m on the Cerro Toco stratovolcano (Fowler
et al. 2007; Swetz et al. 2011). The telescope has been
operating since 2008, first measuring only temperature
fluctuations in the microwave regime. In 2013 the ACT-
Pol receiver was deployed, enabling ACT to observe both

1 https://docs.astropy.org/en/stable/cosmology/index.html#
module-astropy.cosmology

Lokken, Hlozek, AvE, Madhavacheril++ (ACT & DES teams) 2022
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Figure 1. A visualization of unoriented (top) versus ori-
ented (bottom) stacking. When stacking cluster cutout im-
ages from the Compton-y map with random orientation, the
signal from external structure is averaged out such that the
final image, as the number of cutouts increases, approaches
perfect isotropy. In oriented stacking, we determine the di-
rection of strongest alignment around each cluster using the
curvature of galaxy overdensity maps. We rotate each cutout
image before stacking such that the excess y signal from
anisotropic superclustering is overlaid.

in simulations; it was also applied to studies of CMB po-
larization in Planck Collaboration et al. (2016b). Our
paper presents its first application to a combination of
CMB and galaxy data. This work complements a recent
theoretical exploration of anisotropic superclustering in
full 3D and in 2D projections given in Regaldo-Saint
Blancard et al. (2021).
In Figure 1 we illustrate how oriented stacking is ap-

plied to a combination of a CMB y-map and galaxy and
cluster surveys to tease out the faint tSZ signals from
superclustering. In this method, we stack the tSZ signal
from both clusters and the surrounding gas by align-
ing along a measured axis of large-scale structure. We
go beyond previous filament studies by applying char-
acteristics of the galaxy field to select on areas of high
superclustering, which we control, augmenting the sig-
nal relative to the fluctuation noise. We demonstrate
how multi-scale selections on superclustering features
can probe how the gas signal changes with scale. Af-
ter performing oriented stacks, we quantify our results

using a multipolar decomposition of the results. We
compare the observational results with two simulations.
Because the number of stacked objects in this work

is 2–3 orders of magnitude smaller than the cluster-pair
stacking studies, we do not expect to significantly detect
the WHIM signal. Rather, the dominant signals come
from clusters and galaxy groups, and thus our methods
generally probe the anisotropic clustering of thermal en-
ergy. In future work, we will determine whether the
methods described herein can be used to find explicit
evidence for hot gas outside of halos.
This paper is organized as follows. In Section 2, we de-

scribe each data product. Section 3 describes the prop-
erties of the galaxy density field we use to find regions
of high superclustering. Section 4 describes the stack-
ing methods used. Section 5 presents the expected sig-
nal from the Websky (Stein et al. 2020) and Buzzard
(DeRose et al. 2019) simulations with various cluster
populations. In Section 6 we compare the ACT⇥DES
results with the Buzzard simulations and forecast for fu-
ture data. Finally, in Section 7 we discuss the prospects
of applying these novel methods to future supercluster-
ing analysis.
Throughout the paper, when a cosmological model

is assumed for conversions from redshift to comoving
distance and from angular size to transverse comov-
ing distance, we use the Planck15 cosmology from the
astropy.cosmology

1 package which implements a Flat
⇤CDM model with parameters from the Planck Collab-
oration et al. (2016c). The model has ⌦M = 0.308,
⌦k = 0, ⌦⇤ = 0.691, a single species of massive neutri-
nos with mass 0.06 eV, and H0 = 67.7 km s�1 Mpc�1.
All quoted distances are in comoving units.

2. DATA

In this work we combine the tSZ Compton-y signal
maps derived from high-resolution ACT measurements
with DES cluster and galaxy catalogs, and then compare
our observational results to simulations of large scale
structure.

2.1. ACT Compton-y map

ACT is a 6-meter o↵-axis Gregorian telescope, located
in the Atacama Desert of northern Chile, at an eleva-
tion of 5190 m on the Cerro Toco stratovolcano (Fowler
et al. 2007; Swetz et al. 2011). The telescope has been
operating since 2008, first measuring only temperature
fluctuations in the microwave regime. In 2013 the ACT-
Pol receiver was deployed, enabling ACT to observe both

1 https://docs.astropy.org/en/stable/cosmology/index.html#
module-astropy.cosmology

Lokken, Hlozek, AvE, Madhavacheril++ (ACT & DES teams) 2022

• A unique way to measure gas 
outside halos

• Our approach:

Oriented stacking

Martine 
Lokken,

IFAE 
Barcelona Lokken, AvE++ (ACT & DES teams) 2024
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Figure 1. A visualization of unoriented (top) versus ori-
ented (bottom) stacking. When stacking cluster cutout im-
ages from the Compton-y map with random orientation, the
signal from external structure is averaged out such that the
final image, as the number of cutouts increases, approaches
perfect isotropy. In oriented stacking, we determine the di-
rection of strongest alignment around each cluster using the
curvature of galaxy overdensity maps. We rotate each cutout
image before stacking such that the excess y signal from
anisotropic superclustering is overlaid.

in simulations; it was also applied to studies of CMB po-
larization in Planck Collaboration et al. (2016b). Our
paper presents its first application to a combination of
CMB and galaxy data. This work complements a recent
theoretical exploration of anisotropic superclustering in
full 3D and in 2D projections given in Regaldo-Saint
Blancard et al. (2021).
In Figure 1 we illustrate how oriented stacking is ap-

plied to a combination of a CMB y-map and galaxy and
cluster surveys to tease out the faint tSZ signals from
superclustering. In this method, we stack the tSZ signal
from both clusters and the surrounding gas by align-
ing along a measured axis of large-scale structure. We
go beyond previous filament studies by applying char-
acteristics of the galaxy field to select on areas of high
superclustering, which we control, augmenting the sig-
nal relative to the fluctuation noise. We demonstrate
how multi-scale selections on superclustering features
can probe how the gas signal changes with scale. Af-
ter performing oriented stacks, we quantify our results

using a multipolar decomposition of the results. We
compare the observational results with two simulations.
Because the number of stacked objects in this work

is 2–3 orders of magnitude smaller than the cluster-pair
stacking studies, we do not expect to significantly detect
the WHIM signal. Rather, the dominant signals come
from clusters and galaxy groups, and thus our methods
generally probe the anisotropic clustering of thermal en-
ergy. In future work, we will determine whether the
methods described herein can be used to find explicit
evidence for hot gas outside of halos.
This paper is organized as follows. In Section 2, we de-

scribe each data product. Section 3 describes the prop-
erties of the galaxy density field we use to find regions
of high superclustering. Section 4 describes the stack-
ing methods used. Section 5 presents the expected sig-
nal from the Websky (Stein et al. 2020) and Buzzard
(DeRose et al. 2019) simulations with various cluster
populations. In Section 6 we compare the ACT⇥DES
results with the Buzzard simulations and forecast for fu-
ture data. Finally, in Section 7 we discuss the prospects
of applying these novel methods to future supercluster-
ing analysis.
Throughout the paper, when a cosmological model

is assumed for conversions from redshift to comoving
distance and from angular size to transverse comov-
ing distance, we use the Planck15 cosmology from the
astropy.cosmology

1 package which implements a Flat
⇤CDM model with parameters from the Planck Collab-
oration et al. (2016c). The model has ⌦M = 0.308,
⌦k = 0, ⌦⇤ = 0.691, a single species of massive neutri-
nos with mass 0.06 eV, and H0 = 67.7 km s�1 Mpc�1.
All quoted distances are in comoving units.

2. DATA

In this work we combine the tSZ Compton-y signal
maps derived from high-resolution ACT measurements
with DES cluster and galaxy catalogs, and then compare
our observational results to simulations of large scale
structure.

2.1. ACT Compton-y map

ACT is a 6-meter o↵-axis Gregorian telescope, located
in the Atacama Desert of northern Chile, at an eleva-
tion of 5190 m on the Cerro Toco stratovolcano (Fowler
et al. 2007; Swetz et al. 2011). The telescope has been
operating since 2008, first measuring only temperature
fluctuations in the microwave regime. In 2013 the ACT-
Pol receiver was deployed, enabling ACT to observe both

1 https://docs.astropy.org/en/stable/cosmology/index.html#
module-astropy.cosmology
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populations. In Section 6 we compare the ACT⇥DES
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⌦k = 0, ⌦⇤ = 0.691, a single species of massive neutri-
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maps derived from high-resolution ACT measurements
with DES cluster and galaxy catalogs, and then compare
our observational results to simulations of large scale
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step

DES lensing ACT tSZ (DR6) DES galaxies
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.
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about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
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methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
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DES lensing ACT tSZ (DR6) DES galaxies

Lokken, Hlozek, AvE, Madhavacheril++ (ACT & DES teams) 2022
Lokken, AvE++ (ACT & DES teams) 2024



Alexander van Engelen, ASU

• Shown: “bowtie” extending to large distances - cluster environment

• Decompose result into angular multipoles & compare with mocks

Results
Oriented stacking

22

Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.
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that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
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Fig. 1 Updated illustration based on the classic L. van Speybroeck SZ diagram adapted by J. E. Carl-
strom. A CMB photon (red) enters the hot ICM (light blue) from an arbitrary angle, and on average is
up-scattered to higher energy (blue) by an electron (black). The largest energy is imparted on the photon
when it is scattered into the direction of the incoming electron, and it is minimal when deflected into the di-
rection opposite to the incoming electron. However, on average scattering constellations with ' 90� angles
between the particles are most relevant for the tSZ. The total momentum in the interaction is conserved,
so the electron is essentially undeflected by the interaction.

2.1 The thermal SZ e↵ect

As CMB photons pass through regions of hot thermal gas (see schematic represen-
tation in Figure 1), inverse Compton scattering moves them from the low-frequency
region of the blackbody spectrum towards higher energies. In single-scattering events
with electrons at speed � drawn from an isotropic velocity distribution there is no
net e↵ect, as the gains and losses average out to leading order, leaving a second
order term. The average energy gained by a CMB photon in each scattering is deter-
mined by �⌫/⌫ ' (4/3) �2

' 4kTe/mec2 (e.g., Rybicki & Lightman 1979; Sazonov
& Sunyaev 2000). In the last step, we used �2

th/3 ⇡ kTe/mec2 for a thermal (non-
relativistic) velocity distribution. Similarly, a narrow photon line broadens by �⌫/⌫ 'p

(2/3) �2 '
p

2kTe/mec2 in each scattering event. In the non-relativistic limit, both
e↵ects can be incorporated using the Kompaneets equation (Kompaneets 1956), which
when applied to the case of SZ clusters3 reduces to a simple di↵usion equation in

3 Stimulated scattering and recoil terms can be omitted.
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Fig. 3 Diagram for the kinematic SZ. A CMB photon (red) enters the hot ICM (light blue) from an arbi-
trary angle, and, for this geometry, is up-scattered to higher energy (blue) by an electron (white dot) in a
moving ICM. To first order order in � = 3/c only the line of sight projection of the cluster’s bulk motion
matters for the corresponding intensity change.

crucial role in the formation of the CMB temperature and polarisation anisotropies
(e.g., Sunyaev & Zeldovich 1970; Peebles & Yu 1970; Hu & Sugiyama 1995).

The kSZ e↵ect produces a shift in CMB temperature in the direction n of a mov-
ing cluster, which can be written as

�TCMB

TCMB

⇡ �

Z
�Tne n · �p dl = �

Z
n · �p d⌧e ⌘ �ykSZ (6)

in terms of the e↵ective shift in CMB temperature, or

�I⌫ ⇡ �I0
x4ex

(ex � 1)2 ykSZ (7)

in terms of the CMB intensity shift (where I0 is defined in Eq. 3). This signal is in-
distinguishable from that of the hot and cold spots in the primary CMB, unless scale-
dependent information or correlations with other astronomical data are exploited. To
leading order, only the line of sight component, �p,k = n · �p = µp �p, of the cluster’s
peculiar motion is relevant. The temperature shift is furthermore negative for a line
of sight velocity away from the observer, and positive when the cluster approaches
the observer (consistent with the convention that the z vector increases with redshift).
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B-mode CMB Polarization from Patchy Screening during Reionization
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B-modes in CMB polarization from patchy reionization arise from two effects: generation of
polarization from scattering of quadrupole moments by reionization bubbles, and fluctuations in the
screening of E-modes from recombination. The scattering contribution has been studied previously,
but the screening contribution has not yet been calculated. We show that on scales smaller than the
acoustic scale (! ! 300), the B-mode power from screening is larger than the B-mode power from
scattering. The ratio approaches a constant ∼2.5 below the damping scale (! ! 2000). On degree
scales relevant for gravitational waves (! " 100), screening B-modes have a white noise tail and are
subdominant to the scattering effect. These results are robust to uncertainties in the modeling of
patchy reionization.

I. INTRODUCTION

In linear theory, the presence of a curl or B-mode pat-
tern in the polarization of the CMB is an indication that
there are contributions from gravitational waves or vec-
tor perturbations that, unlike density perturbations, can
impart a sense of handedness to the polarization. Beyond
linear theory, it is well known that second order effects
such as gravitational lensing can produce B-modes from
density fluctuations [1]. In fact, any process that mod-
ulates the polarization amplitude, direction, or position
on the sky can generate B-modes from the intrinsic E-
modes at recombination (e.g. [2]).

In this Brief Report, we study one such contribution:
the amplitude modulation due to patchy screening of the
primary polarization due to inhomogeneous reionization.
Whereas the analogous effect of patchy generation of po-
larization from scattering of the quadrupole anisotropy
during reionization has been well-studied in the litera-
ture [3–8], patchy screening is usually neglected as a small
contribution. While negligible at large angles, we show
here that the two effects are always comparable in magni-
tude beyond the damping tail with ∼ 2.5 times as much
power in the screening effect.

II. PATCHY SCREENING

A. Formalism

Scattering of CMB radiation during reionization out of
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where T is the temperature fluctuation and Q and U are
the polarization Stokes parameters, and we have assumed
that the dominant temperature fluctuations from recom-
bination are below the angular scale subtended by the
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ations can be decomposed in multipole moments in the
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Feng & Holder 2018  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• First measurement reported by 
ACT team with unWISE at z < 1  
(currently under review)  
Coulton, Schutt, Maniyar, Schaan++ (ACT) 2024, 
arXiv
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tral to ionized. This process, known as the Epoch of Reionization (EoR), is the
central topic discussed in this chapter.

As mentioned in chapter # 1 [by A. Loeb in this book], about 400,000 years after
the Big Bang, the Universe’s density decreased enough so that the temperature fell
below 3000 K, allowing ions and electrons to (re)combine into neutral hydrogen and
helium – the fraction of heavier elements wasf negligible. Immediately afterwards,
photons decoupled from baryons and the Universe became transparent, leaving a
relic signature known as the cosmic microwave background (CMB) radiation. This
event ushered the Universe into a period of darkness, known as the dark ages.

The dark ages ended about 400 million years later, when the first galaxies formed
and start emitting ionizing radiation. Initially during the EoR, the intergalactic
medium (IGM) is neutral except in regions surrounding the first objects. However,
as this reionization progresses, an evolving patchwork of neutral (H I ) and ionized
hydrogen (H II ) regions unfolds. After a sufficient number of UV-radiation emitting
objects formed, the temperature and the ionized fraction of the gas in the Universe
increase rapidly until eventually the ionized regions permeate to fill the whole Uni-
verse [9, 115, 30, 44, 41, 67, 135].

Fig. 1 This figure shows a slice through redshift of the 21 cm radiation in which the reionization
process progresses through the volume of a cosmological simulation with radiative transfer [206].

The current constraints strongly suggest that the EoR roughly occurs within the
redshift range of z ⇠ [6�15]. Figure 1 shows a space-redshift slice of a simulation
of the progression of reionization with time and how it appears in 21 cm brightness
temperature, which is proportional to the density of neutral hydrogen (see section 4).
At high redshifts most of the gas is neutral, hence, the signal is mostly sensitive
to cosmological density fluctuations, whereas at lower redshifts ionization bubbles
start to appear until they fill the whole Universe [9].

The EoR is a watershed epoch in the history of the Universe. Prior to it, the
formation and evolution of structure was dominated by dark matter alone, while
baryonic matter played a marginal role. The EoR marks the transition to an era in
which the role of cosmic gas in the formation and evolution of structure became
prominent and, on small scales, even dominant.

• From CMB we know τmean = 0.06  
⟹ Midpoint zmid ~ 8

• Duration? Morphology?
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Spectrum Type Reionization Probe Example Reference(s) Forecasted “S4” SNR Range

Auto-spectra

hTkSZ ⇥ TkSZi Raghunathan & Omori (2023) ⇠ 70� 80�

hK ⇥Ki Smith & Ferraro (2017) ⇠ 100�

h⌧ ⇥ ⌧i Dvorkin & Smith (2009), Jain et al. (2024) ⇠ 2� 3�

hy ⇥ yi Sun et al. (2024) ⇠ 3�

Cross-spectra

h⌧ ⇥ T21i Meerburg et al. (2013) ⇠ 10�

hK ⇥ T21i Ma et al. (2018) ⇠ 50�

h⌧ ⇥ CMBi Feng & Holder (2019), Bianchini & Millea (2023) ⇠ 10� 22�

h⌧ ⇥ yi Namikawa et al. (2021b), Remazeilles et al. (2024) ⇠ 2� 7�

h�g ⇥ yi Baxter et al. (2021) < 2�

hK ⇥ �gi La Plante et al. (2022) ⇠ 4� 11�

Table 1. Review of some previously-forecasted probes of reionization with CMB data and their reported signal-to-noise ratios.
Above the thick horizontal line are the three auto-power spectra discussed in Section 1 that contain reionization information.
Below this line are a few cross-correlations that have been studied in the literature attempting to isolate the reionization
information in their constituents. The CMB-S4 (or S4-like) signal-to-noise forecasts for these probes are in the rightmost
column.

Figure 1. A demonstration of the map-level e↵ects of patchy screening and the kSZ e↵ect. The left panel shows the primary,
unmodified CMB. Panel A (center) demonstrates the screening that happens to the primary CMB when a bubble of electrons is
simulated in the foreground, located inside the dashed green circle. Note that the CMB fluctuations, both temperature (colors)
and polarization (black vectors), are ”washed out” by the Thomson scattering. Panel B (right) demonstrates the shift in the
CMB temperature fluctuations that happens when the bubble of electrons is given a positive LOS velocity with respect to the
Hubble flow. This leads to a colder (redder) CMB spot in temperature; the polarization is una↵ected at this order in scattering.

(Smith & Ferraro 2017; Ferraro & Smith 2018) and
electron density fluctuations on small scales. Two re-
cent studies, Raghunathan et al. (2024) and MacCrann
et al. (2024), placed upper limits on this autospec-
trum using South Pole Telescope (SPT) + Herschel-
SPIRE and ACT + Planck CMB data, respectively.
The CMB temperature field contains a large amount of
non-Gaussian, extragalactic foregrounds, such as from
the cosmic infrared background (CIB) and the thermal
Sunyaev-Zel’dovich (tSZ) e↵ect. There are methods to
mitigate these foregrounds, such as combining multi-
frequency data via internal linear combinations (ILC)
(e.g., Remazeilles et al. 2011; Raghunathan & Omori
2023), or with aggressive masking, but they come at
the cost of signal-to-noise reduction. Furthermore, these
methods leave behind some foreground trispectrum con-

tamination; both Raghunathan et al. (2024) and Mac-
Crann et al. (2024) found that while using ILC methods
the temperature trispectra from foregrounds such as the
tSZ and CIB are still the dominant contributions to this
auto-power spectrum, making it more di�cult to probe
the EoR with CKK

L than anticipated in Smith & Ferraro
(2017).

Table 1 summarizes how well CMB-S4 may measure sev-
eral auto- and cross-correlations with observables that
could probe EoR science. The first four are auto-
correlations studied in Raghunathan & Omori (2023),
Smith & Ferraro (2017), Dvorkin & Smith (2009); Jain
et al. (2024), and Sun et al. (2024). These auto-
power spectra contain important information about the
EoR, such as its midpoint and duration. However, low-
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Figure 1. A demonstration of the map-level e↵ects of patchy screening and the kSZ e↵ect. The left panel shows the primary,
unmodified CMB. Panel A (center) demonstrates the screening that happens to the primary CMB when a bubble of electrons is
simulated in the foreground, located inside the dashed green circle. Note that the CMB fluctuations, both temperature (colors)
and polarization (black vectors), are ”washed out” by the Thomson scattering. Panel B (right) demonstrates the shift in the
CMB temperature fluctuations that happens when the bubble of electrons is given a positive LOS velocity with respect to the
Hubble flow. This leads to a colder (redder) CMB spot in temperature; the polarization is una↵ected at this order in scattering.

(Smith & Ferraro 2017; Ferraro & Smith 2018) and
electron density fluctuations on small scales. Two re-
cent studies, Raghunathan et al. (2024) and MacCrann
et al. (2024), placed upper limits on this autospec-
trum using South Pole Telescope (SPT) + Herschel-
SPIRE and ACT + Planck CMB data, respectively.
The CMB temperature field contains a large amount of
non-Gaussian, extragalactic foregrounds, such as from
the cosmic infrared background (CIB) and the thermal
Sunyaev-Zel’dovich (tSZ) e↵ect. There are methods to
mitigate these foregrounds, such as combining multi-
frequency data via internal linear combinations (ILC)
(e.g., Remazeilles et al. 2011; Raghunathan & Omori
2023), or with aggressive masking, but they come at
the cost of signal-to-noise reduction. Furthermore, these
methods leave behind some foreground trispectrum con-

tamination; both Raghunathan et al. (2024) and Mac-
Crann et al. (2024) found that while using ILC methods
the temperature trispectra from foregrounds such as the
tSZ and CIB are still the dominant contributions to this
auto-power spectrum, making it more di�cult to probe
the EoR with CKK

L than anticipated in Smith & Ferraro
(2017).

Table 1 summarizes how well CMB-S4 may measure sev-
eral auto- and cross-correlations with observables that
could probe EoR science. The first four are auto-
correlations studied in Raghunathan & Omori (2023),
Smith & Ferraro (2017), Dvorkin & Smith (2009); Jain
et al. (2024), and Sun et al. (2024). These auto-
power spectra contain important information about the
EoR, such as its midpoint and duration. However, low-
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Figure 1. A demonstration of the map-level e↵ects of patchy screening and the kSZ e↵ect. The left panel shows the primary,
unmodified CMB. Panel A (center) demonstrates the screening that happens to the primary CMB when a bubble of electrons is
simulated in the foreground, located inside the dashed green circle. Note that the CMB fluctuations, both temperature (colors)
and polarization (black vectors), are ”washed out” by the Thomson scattering. Panel B (right) demonstrates the shift in the
CMB temperature fluctuations that happens when the bubble of electrons is given a positive LOS velocity with respect to the
Hubble flow. This leads to a colder (redder) CMB spot in temperature; the polarization is una↵ected at this order in scattering.
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cent studies, Raghunathan et al. (2024) and MacCrann
et al. (2024), placed upper limits on this autospec-
trum using South Pole Telescope (SPT) + Herschel-
SPIRE and ACT + Planck CMB data, respectively.
The CMB temperature field contains a large amount of
non-Gaussian, extragalactic foregrounds, such as from
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mitigate these foregrounds, such as combining multi-
frequency data via internal linear combinations (ILC)
(e.g., Remazeilles et al. 2011; Raghunathan & Omori
2023), or with aggressive masking, but they come at
the cost of signal-to-noise reduction. Furthermore, these
methods leave behind some foreground trispectrum con-

tamination; both Raghunathan et al. (2024) and Mac-
Crann et al. (2024) found that while using ILC methods
the temperature trispectra from foregrounds such as the
tSZ and CIB are still the dominant contributions to this
auto-power spectrum, making it more di�cult to probe
the EoR with CKK

L than anticipated in Smith & Ferraro
(2017).

Table 1 summarizes how well CMB-S4 may measure sev-
eral auto- and cross-correlations with observables that
could probe EoR science. The first four are auto-
correlations studied in Raghunathan & Omori (2023),
Smith & Ferraro (2017), Dvorkin & Smith (2009); Jain
et al. (2024), and Sun et al. (2024). These auto-
power spectra contain important information about the
EoR, such as its midpoint and duration. However, low-
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Figure 1. A demonstration of the map-level e↵ects of patchy screening and the kSZ e↵ect. The left panel shows the primary,
unmodified CMB. Panel A (center) demonstrates the screening that happens to the primary CMB when a bubble of electrons is
simulated in the foreground, located inside the dashed green circle. Note that the CMB fluctuations, both temperature (colors)
and polarization (black vectors), are ”washed out” by the Thomson scattering. Panel B (right) demonstrates the shift in the
CMB temperature fluctuations that happens when the bubble of electrons is given a positive LOS velocity with respect to the
Hubble flow. This leads to a colder (redder) CMB spot in temperature; the polarization is una↵ected at this order in scattering.
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cent studies, Raghunathan et al. (2024) and MacCrann
et al. (2024), placed upper limits on this autospec-
trum using South Pole Telescope (SPT) + Herschel-
SPIRE and ACT + Planck CMB data, respectively.
The CMB temperature field contains a large amount of
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the cosmic infrared background (CIB) and the thermal
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(e.g., Remazeilles et al. 2011; Raghunathan & Omori
2023), or with aggressive masking, but they come at
the cost of signal-to-noise reduction. Furthermore, these
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tamination; both Raghunathan et al. (2024) and Mac-
Crann et al. (2024) found that while using ILC methods
the temperature trispectra from foregrounds such as the
tSZ and CIB are still the dominant contributions to this
auto-power spectrum, making it more di�cult to probe
the EoR with CKK

L than anticipated in Smith & Ferraro
(2017).

Table 1 summarizes how well CMB-S4 may measure sev-
eral auto- and cross-correlations with observables that
could probe EoR science. The first four are auto-
correlations studied in Raghunathan & Omori (2023),
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power spectra contain important information about the
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• K: relatively strong, but large temperature foregrounds

• τ: weaker, but can be reconstructed with polarization 
(cleaner)

• What about K x τ?

Reionization forecasts with the CMB

Kramer, AvE, Cain, MacCrann, ++ 2025

K x ⌧ Forecasts 3

Spectrum Type Reionization Probe Example Reference(s) Forecasted “S4” SNR Range

Auto-spectra

hTkSZ ⇥ TkSZi Raghunathan & Omori (2023) ⇠ 70� 80�

hK ⇥Ki Smith & Ferraro (2017) ⇠ 100�

h⌧ ⇥ ⌧i Dvorkin & Smith (2009), Jain et al. (2024) ⇠ 2� 3�

hy ⇥ yi Sun et al. (2024) ⇠ 3�

Cross-spectra

h⌧ ⇥ T21i Meerburg et al. (2013) ⇠ 10�

hK ⇥ T21i Ma et al. (2018) ⇠ 50�

h⌧ ⇥ CMBi Feng & Holder (2019), Bianchini & Millea (2023) ⇠ 10� 22�

h⌧ ⇥ yi Namikawa et al. (2021b), Remazeilles et al. (2024) ⇠ 2� 7�

h�g ⇥ yi Baxter et al. (2021) < 2�

hK ⇥ �gi La Plante et al. (2022) ⇠ 4� 11�

Table 1. Review of some previously-forecasted probes of reionization with CMB data and their reported signal-to-noise ratios.
Above the thick horizontal line are the three auto-power spectra discussed in Section 1 that contain reionization information.
Below this line are a few cross-correlations that have been studied in the literature attempting to isolate the reionization
information in their constituents. The CMB-S4 (or S4-like) signal-to-noise forecasts for these probes are in the rightmost
column.

Figure 1. A demonstration of the map-level e↵ects of patchy screening and the kSZ e↵ect. The left panel shows the primary,
unmodified CMB. Panel A (center) demonstrates the screening that happens to the primary CMB when a bubble of electrons is
simulated in the foreground, located inside the dashed green circle. Note that the CMB fluctuations, both temperature (colors)
and polarization (black vectors), are ”washed out” by the Thomson scattering. Panel B (right) demonstrates the shift in the
CMB temperature fluctuations that happens when the bubble of electrons is given a positive LOS velocity with respect to the
Hubble flow. This leads to a colder (redder) CMB spot in temperature; the polarization is una↵ected at this order in scattering.

(Smith & Ferraro 2017; Ferraro & Smith 2018) and
electron density fluctuations on small scales. Two re-
cent studies, Raghunathan et al. (2024) and MacCrann
et al. (2024), placed upper limits on this autospec-
trum using South Pole Telescope (SPT) + Herschel-
SPIRE and ACT + Planck CMB data, respectively.
The CMB temperature field contains a large amount of
non-Gaussian, extragalactic foregrounds, such as from
the cosmic infrared background (CIB) and the thermal
Sunyaev-Zel’dovich (tSZ) e↵ect. There are methods to
mitigate these foregrounds, such as combining multi-
frequency data via internal linear combinations (ILC)
(e.g., Remazeilles et al. 2011; Raghunathan & Omori
2023), or with aggressive masking, but they come at
the cost of signal-to-noise reduction. Furthermore, these
methods leave behind some foreground trispectrum con-

tamination; both Raghunathan et al. (2024) and Mac-
Crann et al. (2024) found that while using ILC methods
the temperature trispectra from foregrounds such as the
tSZ and CIB are still the dominant contributions to this
auto-power spectrum, making it more di�cult to probe
the EoR with CKK

L than anticipated in Smith & Ferraro
(2017).

Table 1 summarizes how well CMB-S4 may measure sev-
eral auto- and cross-correlations with observables that
could probe EoR science. The first four are auto-
correlations studied in Raghunathan & Omori (2023),
Smith & Ferraro (2017), Dvorkin & Smith (2009); Jain
et al. (2024), and Sun et al. (2024). These auto-
power spectra contain important information about the
EoR, such as its midpoint and duration. However, low-

<latexit sha1_base64="nIoCixwLgu4TLRUEHJC60lE0RtY=">AAACHXicbVA9SwNBEN3z2/gVtbRZDII24U6CWopaCDaKRoO5JOxt5nTJ7t2xOyeG4/6IjX/FxkIRCxvx37iJKTTxwcDjvRlm5gWJFAZd98sZG5+YnJqemS3MzS8sLhWXVy5NnGoOVR7LWNcCZkCKCKooUEIt0cBUIOEq6Bz2/Ks70EbE0QV2E2godhOJUHCGVmoVK9TihPpGKLrpH4FERi9amY9wj1nn/DrPm5mvGN5qlYVCYp5vNbdbxZJbdvugo8QbkBIZ4LRV/PDbMU8VRMglM6buuQk2MqZRcAl5wU8NJIx32A3ULY2YAtPI+t/ldMMqbRrG2laEtK/+nsiYMqarAtvZO9QMez3xP6+eYrjXyESUpAgR/1kUppJiTHtR0bbQwFF2LWFcC3sr5bdMM4420IINwRt+eZRcbpe9nXLlrFLaPxjEMUPWyDrZJB7ZJfvkmJySKuHkgTyRF/LqPDrPzpvz/tM65gxmVskfOJ/fIRehcQ==</latexit>

K ⇠ (�T filt
kSZ)

2



Alexander van Engelen, ASU

Draft version January 15, 2025

Typeset using LATEX twocolumn style in AASTeX631

Cross-correlating the patchy screening and kinetic Sunyaev-Zel’dovich e↵ects as a new probe of
reionization
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ABSTRACT

The kinetic Sunyaev-Zel’dovich e↵ect (kSZ) and patchy screening e↵ect are two complementary
cosmic microwave background (CMB) probes of the reionization era. The kSZ e↵ect is a relatively
strong signal, but is di�cult to disentangle from other sources of temperature anisotropy, whereas
patchy screening is weaker but can be reconstructed using the cleaner polarization channel. Here,
we explore the potential of using upcoming CMB surveys to correlate a reconstructed map of patchy
screening with (the square of) the kSZ map, and what a detection of this cross-correlation would mean
for reionization science. To do this, we use simulations and theory to quantify the contributions to this
signal from di↵erent redshifts. We then use the expected survey properties for CMB-S4 and CMB-HD
to make detection forecasts before exploring how the signal depends on reionization parameters. We
forecast that CMB-S4 will obtain a hint of this signal at up to 1.8�, and CMB-HD will detect it at
up to 14�. We find that this signal contains unique information about the timing and morphology
of reionization, particularly sensitivity to the first half of reionization and to the bispectrum of the
ionized gas distribution.

Keywords: cosmic microwave background, observational cosmology, reionization, circumgalactic
medium, Sunyaev-Zeldovich e↵ect

1. INTRODUCTION

The epoch of reionization (EoR) is a pivotal but elusive
time in the history of the Universe. It is the period dur-
ing which the population of hydrogen went from being
neutral to ionized, likely due to the formation of the first
stars and galaxies (Scannapieco et al. 2003; Robertson
et al. 2010; Sarmento & Scannapieco 2022). These first
objects are di�cult to measure directly because of their
faint and highly redshifted nature, and because of the
structures that continued to form after the EoR, such as
larger, brighter galaxies and galaxy clusters that emit at
a variety of wavelengths and intensities.

Corresponding author: Darby Kramer

dmkrame1@asu.edu

Since reionization was caused by individual objects, it
is expected to be “patchy,” causing small, ionized bub-
bles to form and grow over time (Gruzinov & Hu 1998;
Santos et al. 2003; D’Aloisio et al. 2015; Davies &
Furlanetto 2016; Puchwein et al. 2023). Many exper-
iments and studies seek to extract signals that solely
trace the EoR, such as probes of the galaxy population
(e.g., Adams et al. 2023), mean electron optical depth
(Planck: Aghanim et al. 2020), neutral hydrogen den-
sity as traced by 21cm emission (e.g. Pritchard & Loeb
2012) and Lyman-alpha absorption (Bosman et al. 2022)
at high redshifts. Each of these probes use unique tools
and techniques to access the EoR.

A particular cosmological tool that can benefit EoR
studies in the coming years is the cosmic microwave
background (CMB). When the primordial plasma ex-
panded and cooled enough for electrons and protons to
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Reionization τ and kSZ signals
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AMBER mocks Trac++ 2022, Chen++ 2023
https://github.com/hytrac/amber
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Reionization τ and kSZ signals
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Reconstructed K using the 
AMBER patchy kSZ maps
- K ∝ Wfilt(ΔTkSZ)2, similar to 

CMB lensing reconstruction

- K and τ are ~50% correlated 
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K x τ is a new EoR statistic that may be within reach of planned CMB 
surveys.

- Will yield new constraints on EoR with CMB data only
- Improved SNR to CLττ

- Not as FG contaminated as CLKK

- Sensitive to EoR redshift duration, midpoint, and onset
- Sensitive to electron bispectrum during EoR
- High-redshift analog of “projected-field kSZ2” studies, with τ as 

tracer

K x τ  Takeaway:
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OUTLINE
1. The CMB as a backlight
2. Scattering effects: ionized gas

• Oriented tSZ stacking: CGM and feedback
• Patchy screening and kSZ: CGM, Reionization

3. CMB lensing: dark matter
• State of the art: ACT & SPT, Simons Observatory, CMB-S4
• New lensing estimators
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Cosmic	
Microwave	
Background

Dark	matter	
bends	light	from	
galaxies,	making	
them	more	
elliptical

Optical galaxies

CMB
(highly exaggerated)
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AdvACT DR6 lensing convergence maps

All matter in the 
Universe, including dark 

matter, in projection

• Visible correlation with far-infrared 
galaxies (color contours)

Yogesh Mehta (ASU)  
ACT lensing x Planck CIB

in prep

Qu++(ACT) 2023, Madhavacheril++(ACT) 2023, MacCrann++(ACT) 2023

Frank Qu (Stanford)
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38 Qu, Sherwin, Madhavacheril, Han, Crowley et al.

Figure 26. Compilation of CMB lensing power spectrum measurements, with our results shown as red datapoints. The CMB
lensing power spectrum presented in this paper represents (along with Planck NPIPE, which reaches similar precision) the highest
signal-to-noise lensing spectrum measured to date.

for cosmological parameters ✓, and Cbb0 is the baseline
covariance matrix. We discussed the construction of the
covariance matrix in Section 5.11, while verification of
the Gaussianity of the lensing bandpowers can be found
in Appendix H. Further corrections to this likelihood are
applied when considering joint constraints with CMB
power spectra, as described in our companion paper,
Madhavacheril et al. (2023). These account for the de-
pendence of the normalization of the lensing bandpowers
on the true CMB power spectra and of the N1 correc-
tion on both the true CMB and lensing power spectra.
For the lensing-only constraints presented in this pa-
per, we account for uncertainty in the CMB power spec-
tra by sampling 1000 ⇤CDM CMB power spectra from
ACT DR4+Planck and propagating these through the
lensing normalization; the scatter in the normalization
leads to an additional broadening of the bandpower co-
variance matrix. For further details, see our earlier dis-
cussion in Section 5.10 and also Appendix B.

9.2. Constraints on the amplitude of structure from
lensing alone

We now consider constraints on the basic ⇤CDM pa-
rameters — cold dark matter and baryon densities, ⌦ch

2

and ⌦bh
2, the Hubble constant H0, the optical depth to

reionization ⌧ , and the amplitude and scalar spectral in-
dex of primordial fluctuations, As and ns — from our

Table 5. Priors used in the lensing-only cosmological analy-
sis of this work. Uniform priors are shown in square brackets
and Gaussian priors with mean µ and standard deviation �

are denotedN (µ,�). The priors adopted here are identical to
those used in the lensing power spectrum analysis performed
by the Planck team (Planck Collaboration et al. 2020a).

Parameter Prior

ln(1010As) [2, 4]

H0 [40, 100]

ns N (0.96, 0.02)

⌦bh
2 N (0.0223, 0.0005)

⌦ch
2 [0.005, 0.99]

⌧ 0.055

lensing measurements alone. These parameters are var-
ied with priors as summarised in Table 5; these are the
same priors assumed in the most recent Planck lens-
ing analyses (Planck Collaboration et al. 2020a; Carron
et al. 2022). Since lensing is not sensitive to the CMB
optical depth, we fix this at ⌧ = 0.055 (Planck Collab-
oration et al. 2016). We fix the total neutrino mass to
be consistent with the normal hierarchy, assuming one
massive eigenstate with a mass of 60meV.
Weak lensing observables in cosmology depend on

both the late-time amplitude of density fluctuations in
terms of �8 and the matter density ⌦m; there is an ad-

Recent CMB lensing measures
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CMB-S4 forecast (early 2030s)
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The path to 0.2% precision
4 R. Allison et al.
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Figure 1. Top panel: Footprint of the patches used in this anal-
ysis: ACT (blue) and ACTPol (green, left to right: D1, D6, D5).
Middle panel: ACTPol D1 lensing convergence map  smoothed
to suppress power below 200 scales. The spatial modulation, pri-
marily due to the windowing of the temperature and polarization
maps by the pixel weight map, is evident. The ACTPol lens-
ing convergence is noise dominated for scales . 1 degree. Bot-
tom panel: The FIRST overdensity field g over the same patch,
smoothed to the same scale, is noise dominated at all scales.

from ACT and ACTPol, and negligible polarization infor-
mation from ACTPol, would result in a perfect correlation
between the reconstructed convergence maps. However, this
overlapping area represents 37 deg2 of the total 470 deg2 of
this analysis, and hence at most a 4% overestimate of the
detection significance, which we neglect given the statistical
errors. We thus average the ACT and ACTPol data cross-
spectra with inverse-variance weighting.

In order to check for bias in the cross-spectrum estima-
tor, we ran 500 pairs of simple simulated convergence and
radio density maps through the cross-correlation pipeline,
generating new correlated simulations. To obtain these pairs
we draw as signal maps aperiodic correlated Gaussian real-
izations from power spectra obtained assuming Planck best-
fit cosmological parameters and a fiducial bias model and
source distribution for the radio galaxies (Kamionkowski,
Kosowsky & Stebbins 1997; Planck Collaboration 2014a).
We add Gaussian noise realizations to the convergence maps,
appropriate for the temperature sensitivity of ACT (Section
2.1), using the formalism of Hu & Okamoto (2002) to calcu-
late the reconstruction noise. ACTPol maps are less noisy,
but the precise noise level is unimportant for this test. For
each pixel i in the radio signal map g we draw a Poisson ran-
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Figure 2. Pipeline validation: Mean cross-spectrum lCg
l of the

FIRST radio source map with ACTPol lensing simulations (green
dashes, Nsims = 2048) and ACT lensing simulations (blue circles,
Nsims = 480) as described in 2.3. We displace the ACT points
by �l = 30 to the right for visual clarity. The measurements are
consistent with null, demonstrating that our pipeline does not in-
duce spurious cross-power in the absence of correlation. Error bars
shown are the diagonal components of the empirical covariance
matrix derived from the same Monte Carlo simulations, scaled
appropriately by

p
Nsims. We also show the recovered mean cross-

spectrum from realistic correlated simulations (red triangles, Sec-
tion 2.3). We cross-correlate input convergence maps, which have
added scale-dependent Gaussian noise, with correlated realiza-
tions of a galaxy field. This demonstrates that our pipeline is able
to recover in an unbiased fashion a known input cross-spectrum
(although we note this does not test the lensing reconstruction
pipeline, for which we refer to the systematic tests in van Enge-
len et al. (2014)). The generative model for the cross-spectrum is
not the fiducial cross-spectrum, but this is unimportant for the
purposes of this test.

dom variable Xi with mean n̄(1+gi), where n̄ is the average
number of sources per pixel. We set n̄ = 71 sources deg�2

to reflect the source density in the data. We then redefine
gi  Xi/n̄� 1 and finally smooth the resulting map with a
Gaussian beam of FWHM 20.

These simulated maps, by construction, have signal,
noise and correlation properties which mimic the data, al-
though they do not have the full spatially anisotropic noise
properties. These lensing simulations have not been pro-
cessed through the lensing reconstruction pipeline, but here
we use them simply for checking bias in the cross-correlation
pipeline. We refer to the systematic tests in van Engelen
et al. (2014) for checks of the lensing pipeline. We find that
we do not require apodization of the maps to produce the
observed unbiased results; the mean auto- and cross-spectra
of these simulations are consistent with the assumed input
spectra (Fig. 2).

2.4 Modelling

The theoretical cross-spectrum can be written under the
Limber approximation as
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where H(z) is the Hubble parameter, �(z) is the comov-
ing distance to redshift z, P (k, z) is the non-linear matter
power spectrum (wavenumber k = l/�) and {Wi} are the
appropriate kernels for the two dark matter probes , g. The
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Figure 7. Forecast SO baseline (blue) and goal (orange) errors on CMB temperature (TT ), polarization (EE, BB), cross-correlation
(TE), and lensing (��) power spectra, with D` ⌘ `(` + 1)C`/(2⇡). The errors are cosmic-variance limited at multipoles `

<⇠ 3000 in T and
`

<⇠ 2000 in E. The B-mode errors include observations from both SAT and LAT surveys, and incorporate the uncertainty associated with
foreground removal using BFoRe (see Sec. 3.3) for the optimistic `knee given in Table 2. The CMB signals for a fiducial ⇤CDM cosmology
(⇤CDM+tensor modes in the case of BB) are shown with gray solid (dashed) lines.
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• Foregrounds cause ~5% biases if untreated  
AvE+2014, Osborne+2014, Ferraro+Hill 2014, Sailer+2020, Darwish+2020
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Figure 1. Top panel: Footprint of the patches used in this anal-
ysis: ACT (blue) and ACTPol (green, left to right: D1, D6, D5).
Middle panel: ACTPol D1 lensing convergence map  smoothed
to suppress power below 200 scales. The spatial modulation, pri-
marily due to the windowing of the temperature and polarization
maps by the pixel weight map, is evident. The ACTPol lens-
ing convergence is noise dominated for scales . 1 degree. Bot-
tom panel: The FIRST overdensity field g over the same patch,
smoothed to the same scale, is noise dominated at all scales.

from ACT and ACTPol, and negligible polarization infor-
mation from ACTPol, would result in a perfect correlation
between the reconstructed convergence maps. However, this
overlapping area represents 37 deg2 of the total 470 deg2 of
this analysis, and hence at most a 4% overestimate of the
detection significance, which we neglect given the statistical
errors. We thus average the ACT and ACTPol data cross-
spectra with inverse-variance weighting.

In order to check for bias in the cross-spectrum estima-
tor, we ran 500 pairs of simple simulated convergence and
radio density maps through the cross-correlation pipeline,
generating new correlated simulations. To obtain these pairs
we draw as signal maps aperiodic correlated Gaussian real-
izations from power spectra obtained assuming Planck best-
fit cosmological parameters and a fiducial bias model and
source distribution for the radio galaxies (Kamionkowski,
Kosowsky & Stebbins 1997; Planck Collaboration 2014a).
We add Gaussian noise realizations to the convergence maps,
appropriate for the temperature sensitivity of ACT (Section
2.1), using the formalism of Hu & Okamoto (2002) to calcu-
late the reconstruction noise. ACTPol maps are less noisy,
but the precise noise level is unimportant for this test. For
each pixel i in the radio signal map g we draw a Poisson ran-
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Figure 2. Pipeline validation: Mean cross-spectrum lCg
l of the

FIRST radio source map with ACTPol lensing simulations (green
dashes, Nsims = 2048) and ACT lensing simulations (blue circles,
Nsims = 480) as described in 2.3. We displace the ACT points
by �l = 30 to the right for visual clarity. The measurements are
consistent with null, demonstrating that our pipeline does not in-
duce spurious cross-power in the absence of correlation. Error bars
shown are the diagonal components of the empirical covariance
matrix derived from the same Monte Carlo simulations, scaled
appropriately by

p
Nsims. We also show the recovered mean cross-

spectrum from realistic correlated simulations (red triangles, Sec-
tion 2.3). We cross-correlate input convergence maps, which have
added scale-dependent Gaussian noise, with correlated realiza-
tions of a galaxy field. This demonstrates that our pipeline is able
to recover in an unbiased fashion a known input cross-spectrum
(although we note this does not test the lensing reconstruction
pipeline, for which we refer to the systematic tests in van Enge-
len et al. (2014)). The generative model for the cross-spectrum is
not the fiducial cross-spectrum, but this is unimportant for the
purposes of this test.

dom variable Xi with mean n̄(1+gi), where n̄ is the average
number of sources per pixel. We set n̄ = 71 sources deg�2

to reflect the source density in the data. We then redefine
gi  Xi/n̄� 1 and finally smooth the resulting map with a
Gaussian beam of FWHM 20.

These simulated maps, by construction, have signal,
noise and correlation properties which mimic the data, al-
though they do not have the full spatially anisotropic noise
properties. These lensing simulations have not been pro-
cessed through the lensing reconstruction pipeline, but here
we use them simply for checking bias in the cross-correlation
pipeline. We refer to the systematic tests in van Engelen
et al. (2014) for checks of the lensing pipeline. We find that
we do not require apodization of the maps to produce the
observed unbiased results; the mean auto- and cross-spectra
of these simulations are consistent with the assumed input
spectra (Fig. 2).

2.4 Modelling

The theoretical cross-spectrum can be written under the
Limber approximation as
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where H(z) is the Hubble parameter, �(z) is the comov-
ing distance to redshift z, P (k, z) is the non-linear matter
power spectrum (wavenumber k = l/�) and {Wi} are the
appropriate kernels for the two dark matter probes , g. The
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Figure 7. Forecast SO baseline (blue) and goal (orange) errors on CMB temperature (TT ), polarization (EE, BB), cross-correlation
(TE), and lensing (��) power spectra, with D` ⌘ `(` + 1)C`/(2⇡). The errors are cosmic-variance limited at multipoles `

<⇠ 3000 in T and
`

<⇠ 2000 in E. The B-mode errors include observations from both SAT and LAT surveys, and incorporate the uncertainty associated with
foreground removal using BFoRe (see Sec. 3.3) for the optimistic `knee given in Table 2. The CMB signals for a fiducial ⇤CDM cosmology
(⇤CDM+tensor modes in the case of BB) are shown with gray solid (dashed) lines.
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• Foregrounds cause ~5% biases if untreated  
AvE+2014, Osborne+2014, Ferraro+Hill 2014, Sailer+2020, Darwish+2020

• Baryonic effects (AGN/SN Feedback) are uncertain and will be 
non-negligible  
Chung, Foreman,AvE 2019; McCarthy, Foreman, AvE 2021
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Figure 1. Top panel: Footprint of the patches used in this anal-
ysis: ACT (blue) and ACTPol (green, left to right: D1, D6, D5).
Middle panel: ACTPol D1 lensing convergence map  smoothed
to suppress power below 200 scales. The spatial modulation, pri-
marily due to the windowing of the temperature and polarization
maps by the pixel weight map, is evident. The ACTPol lens-
ing convergence is noise dominated for scales . 1 degree. Bot-
tom panel: The FIRST overdensity field g over the same patch,
smoothed to the same scale, is noise dominated at all scales.

from ACT and ACTPol, and negligible polarization infor-
mation from ACTPol, would result in a perfect correlation
between the reconstructed convergence maps. However, this
overlapping area represents 37 deg2 of the total 470 deg2 of
this analysis, and hence at most a 4% overestimate of the
detection significance, which we neglect given the statistical
errors. We thus average the ACT and ACTPol data cross-
spectra with inverse-variance weighting.

In order to check for bias in the cross-spectrum estima-
tor, we ran 500 pairs of simple simulated convergence and
radio density maps through the cross-correlation pipeline,
generating new correlated simulations. To obtain these pairs
we draw as signal maps aperiodic correlated Gaussian real-
izations from power spectra obtained assuming Planck best-
fit cosmological parameters and a fiducial bias model and
source distribution for the radio galaxies (Kamionkowski,
Kosowsky & Stebbins 1997; Planck Collaboration 2014a).
We add Gaussian noise realizations to the convergence maps,
appropriate for the temperature sensitivity of ACT (Section
2.1), using the formalism of Hu & Okamoto (2002) to calcu-
late the reconstruction noise. ACTPol maps are less noisy,
but the precise noise level is unimportant for this test. For
each pixel i in the radio signal map g we draw a Poisson ran-
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Figure 2. Pipeline validation: Mean cross-spectrum lCg
l of the

FIRST radio source map with ACTPol lensing simulations (green
dashes, Nsims = 2048) and ACT lensing simulations (blue circles,
Nsims = 480) as described in 2.3. We displace the ACT points
by �l = 30 to the right for visual clarity. The measurements are
consistent with null, demonstrating that our pipeline does not in-
duce spurious cross-power in the absence of correlation. Error bars
shown are the diagonal components of the empirical covariance
matrix derived from the same Monte Carlo simulations, scaled
appropriately by

p
Nsims. We also show the recovered mean cross-

spectrum from realistic correlated simulations (red triangles, Sec-
tion 2.3). We cross-correlate input convergence maps, which have
added scale-dependent Gaussian noise, with correlated realiza-
tions of a galaxy field. This demonstrates that our pipeline is able
to recover in an unbiased fashion a known input cross-spectrum
(although we note this does not test the lensing reconstruction
pipeline, for which we refer to the systematic tests in van Enge-
len et al. (2014)). The generative model for the cross-spectrum is
not the fiducial cross-spectrum, but this is unimportant for the
purposes of this test.

dom variable Xi with mean n̄(1+gi), where n̄ is the average
number of sources per pixel. We set n̄ = 71 sources deg�2

to reflect the source density in the data. We then redefine
gi  Xi/n̄� 1 and finally smooth the resulting map with a
Gaussian beam of FWHM 20.

These simulated maps, by construction, have signal,
noise and correlation properties which mimic the data, al-
though they do not have the full spatially anisotropic noise
properties. These lensing simulations have not been pro-
cessed through the lensing reconstruction pipeline, but here
we use them simply for checking bias in the cross-correlation
pipeline. We refer to the systematic tests in van Engelen
et al. (2014) for checks of the lensing pipeline. We find that
we do not require apodization of the maps to produce the
observed unbiased results; the mean auto- and cross-spectra
of these simulations are consistent with the assumed input
spectra (Fig. 2).

2.4 Modelling

The theoretical cross-spectrum can be written under the
Limber approximation as
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l =
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where H(z) is the Hubble parameter, �(z) is the comov-
ing distance to redshift z, P (k, z) is the non-linear matter
power spectrum (wavenumber k = l/�) and {Wi} are the
appropriate kernels for the two dark matter probes , g. The
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Figure 7. Forecast SO baseline (blue) and goal (orange) errors on CMB temperature (TT ), polarization (EE, BB), cross-correlation
(TE), and lensing (��) power spectra, with D` ⌘ `(` + 1)C`/(2⇡). The errors are cosmic-variance limited at multipoles `

<⇠ 3000 in T and
`

<⇠ 2000 in E. The B-mode errors include observations from both SAT and LAT surveys, and incorporate the uncertainty associated with
foreground removal using BFoRe (see Sec. 3.3) for the optimistic `knee given in Table 2. The CMB signals for a fiducial ⇤CDM cosmology
(⇤CDM+tensor modes in the case of BB) are shown with gray solid (dashed) lines.
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• Foregrounds cause ~5% biases if untreated  
AvE+2014, Osborne+2014, Ferraro+Hill 2014, Sailer+2020, Darwish+2020

• Baryonic effects (AGN/SN Feedback) are uncertain and will be 
non-negligible  
Chung, Foreman,AvE 2019; McCarthy, Foreman, AvE 2021

• Current lensing estimators will not be good enough for S4 
precision - need new estimators 
E.g. Chan, Hlozek, Meyers, AvE 2023, Hotinli.. AvE++ 2021
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Figure 1. Top panel: Footprint of the patches used in this anal-
ysis: ACT (blue) and ACTPol (green, left to right: D1, D6, D5).
Middle panel: ACTPol D1 lensing convergence map  smoothed
to suppress power below 200 scales. The spatial modulation, pri-
marily due to the windowing of the temperature and polarization
maps by the pixel weight map, is evident. The ACTPol lens-
ing convergence is noise dominated for scales . 1 degree. Bot-
tom panel: The FIRST overdensity field g over the same patch,
smoothed to the same scale, is noise dominated at all scales.

from ACT and ACTPol, and negligible polarization infor-
mation from ACTPol, would result in a perfect correlation
between the reconstructed convergence maps. However, this
overlapping area represents 37 deg2 of the total 470 deg2 of
this analysis, and hence at most a 4% overestimate of the
detection significance, which we neglect given the statistical
errors. We thus average the ACT and ACTPol data cross-
spectra with inverse-variance weighting.

In order to check for bias in the cross-spectrum estima-
tor, we ran 500 pairs of simple simulated convergence and
radio density maps through the cross-correlation pipeline,
generating new correlated simulations. To obtain these pairs
we draw as signal maps aperiodic correlated Gaussian real-
izations from power spectra obtained assuming Planck best-
fit cosmological parameters and a fiducial bias model and
source distribution for the radio galaxies (Kamionkowski,
Kosowsky & Stebbins 1997; Planck Collaboration 2014a).
We add Gaussian noise realizations to the convergence maps,
appropriate for the temperature sensitivity of ACT (Section
2.1), using the formalism of Hu & Okamoto (2002) to calcu-
late the reconstruction noise. ACTPol maps are less noisy,
but the precise noise level is unimportant for this test. For
each pixel i in the radio signal map g we draw a Poisson ran-
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Figure 2. Pipeline validation: Mean cross-spectrum lCg
l of the

FIRST radio source map with ACTPol lensing simulations (green
dashes, Nsims = 2048) and ACT lensing simulations (blue circles,
Nsims = 480) as described in 2.3. We displace the ACT points
by �l = 30 to the right for visual clarity. The measurements are
consistent with null, demonstrating that our pipeline does not in-
duce spurious cross-power in the absence of correlation. Error bars
shown are the diagonal components of the empirical covariance
matrix derived from the same Monte Carlo simulations, scaled
appropriately by

p
Nsims. We also show the recovered mean cross-

spectrum from realistic correlated simulations (red triangles, Sec-
tion 2.3). We cross-correlate input convergence maps, which have
added scale-dependent Gaussian noise, with correlated realiza-
tions of a galaxy field. This demonstrates that our pipeline is able
to recover in an unbiased fashion a known input cross-spectrum
(although we note this does not test the lensing reconstruction
pipeline, for which we refer to the systematic tests in van Enge-
len et al. (2014)). The generative model for the cross-spectrum is
not the fiducial cross-spectrum, but this is unimportant for the
purposes of this test.

dom variable Xi with mean n̄(1+gi), where n̄ is the average
number of sources per pixel. We set n̄ = 71 sources deg�2

to reflect the source density in the data. We then redefine
gi  Xi/n̄� 1 and finally smooth the resulting map with a
Gaussian beam of FWHM 20.

These simulated maps, by construction, have signal,
noise and correlation properties which mimic the data, al-
though they do not have the full spatially anisotropic noise
properties. These lensing simulations have not been pro-
cessed through the lensing reconstruction pipeline, but here
we use them simply for checking bias in the cross-correlation
pipeline. We refer to the systematic tests in van Engelen
et al. (2014) for checks of the lensing pipeline. We find that
we do not require apodization of the maps to produce the
observed unbiased results; the mean auto- and cross-spectra
of these simulations are consistent with the assumed input
spectra (Fig. 2).

2.4 Modelling

The theoretical cross-spectrum can be written under the
Limber approximation as
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where H(z) is the Hubble parameter, �(z) is the comov-
ing distance to redshift z, P (k, z) is the non-linear matter
power spectrum (wavenumber k = l/�) and {Wi} are the
appropriate kernels for the two dark matter probes , g. The
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Figure 7. Forecast SO baseline (blue) and goal (orange) errors on CMB temperature (TT ), polarization (EE, BB), cross-correlation
(TE), and lensing (��) power spectra, with D` ⌘ `(` + 1)C`/(2⇡). The errors are cosmic-variance limited at multipoles `

<⇠ 3000 in T and
`

<⇠ 2000 in E. The B-mode errors include observations from both SAT and LAT surveys, and incorporate the uncertainty associated with
foreground removal using BFoRe (see Sec. 3.3) for the optimistic `knee given in Table 2. The CMB signals for a fiducial ⇤CDM cosmology
(⇤CDM+tensor modes in the case of BB) are shown with gray solid (dashed) lines.
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OUTLINE
1. The CMB as a backlight

2. Scattering effects: ionized gas
• Oriented tSZ stacking
• Patchy screening and kSZ

3. CMB lensing: dark matter
• State of the art: ACT & SPT, Simons Observatory, CMB-S4
• New lensing estimators
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•Nearly all CMB lensing measurements use the “standard optimal quadratic 
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The remaining integral is generally small, and the lensed spectrum only deviates from scale
invariant at the O(10−3) level. If there were no lensing power at l > l0, scale invariance would
be preserved on scales l > l0: a large-scale lensing mode magnifies and demagnifies small-
scale structures, which has no effect if the structures are scale invariant. Lensing of the CMB
is important because the acoustic oscillations and small scale damping give a well defined
non-scale-invariant structure to the power spectrum.
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The lensing potential is directly related to the lensing
convergence  = �r

2�/2, with power spectra related by
C

L = (L(L+1))2C��
L /4. In our conventions, the Fourier

transform of the temperature gradient is

rT (n̂) = i

Z
d2`

2⇡
`T (`)ei`·n̂ . (2)

Note that the majority of the CMB temperature gradient
comes from modes with ` . 2000 [51]. Taking Eq. (1) into
Fourier space, we apply Eq. (2) in combination with the
convolution theorem to get

T̃ (`) =

Z
dn̂T̃ (n̂)e�i`·n̂

= T (`) �

Z
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2⇡
`0 · (` � `0)�(` � `0)T (`0) + O(�2)

(3)

In Eq. (3), we see that at first order in � the lensed tem-
perature field T̃ is a convolution between the lensing po-
tential field � and the original unlensed temperature field
T . Taking the two-point auto-correlation of the temper-
ature field (e.g., steps (4.7) - (4.11) in Ref. [1]) yields the
lensed power spectrum:
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Note that the first term is a cross-term between the ze-
roth and second order terms of Eq. (3), and the second
term is a product of the first order term with itself. Sim-
ilar to Eq. (3), it expresses that the lensed CMB tem-
perature power contains a convolution between the lens-
ing potential power and the original CMB temperature
power. The e↵ects of weak gravitational lensing on the
CMB do not add or remove from the total CMB tem-
perature variance

R
d``CTT

` /2⇡ across the sky. Instead,
lensing serves to redistribute power CTT

` between angu-
lar modes ` in a way that “smooths out” the peaks and
troughs in the observed power spectrum (as can be seen
in Figure 1); the power redistributed to scales ` & 4000
dominates the signal compared to the unlensed temper-
ature modes which are suppressed by di↵usion damping.
Traditional estimators of the lensing potential take ad-
vantage of the correlations between angular modes that
have been introduced, and they work to reconstruct the
lensing potential field through measurement of these o↵-
diagonal couplings. We can make approximations to sim-
plify Eq. (4) in the small-scale limit ` � 2000. The
CMB temperature gradient variance, which we denote
h|rTL|

2
i, is made up of an integral over the larger scale

modes CTT
`.2000 of the original CMB temperature field,

given by
R

d``2CTT
` /2⇡. This background temperature

gradient is approximately constant at small scales, which
can be enforced with `0 ⌧ ` in Eq. (4). One can apply

these approximations to arrive at a simplified represen-
tation of the lensed CMB temperature power on small
scales (e.g., §4.1.3 of Ref. [1]):
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Here, we define CTT
`,r which represents all remaining con-

tributions to the observed temperature power which are
not expected to strongly correlate with the large-scale
gradient of the CMB temperature field. This includes
the first term of Eq. (4) which contains a small amount
of the unlensed CMB temperature power suppressed by
di↵usion damping crossed with a second-order lensing
contribution. We may also include contributions from
instrument noise, foregrounds, and other secondaries in
CTT

`,r .
A straightforward method to estimate the small-scale

lensing power is to simply divide the observed excess
small-scale temperature power by the average unlensed
temperature gradient power on large scales. That is, we
can rework Eq. (5) and estimate the small scale lensing
power spectrum as
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for ` � 2000. The motivation for our SCALE technique
is that we can do better than Eq. (6), even without re-
constructing a map of the lensing field. In any given
patch of sky, the large-scale temperature gradient power
around the line-of-sight n̂ will deviate from the sky aver-
age due to random fluctuations. As a consequence, the lo-
cal small-scale temperature power that results from lens-
ing will also deviate from the sky average. By correlating
the spatial variations in the locally measured large-scale
temperature gradient power with the spatial variations
in the small-scale temperature power, we can construct
an improved estimate of the small-scale lensing power.
Furthermore, variations in the observed small-scale tem-
perature power that are due to sources other than lens-
ing (such as non-stationary noise or astrophysical fore-
grounds), are not expected to correlate with variations
in the large-scale temperature gradient power since these
e↵ects result from survey choices or local physics unre-
lated to the long wavelength fluctuations responsible for
the large-scale temperature gradients.

In summary, we propose a new lensing estimator with
a similar form to Eq. (6). The key di↵erence is allowing
the local small-scale lensed temperature power to fluctu-
ate according to the steepness of the background temper-
ature gradient in the same part of the sky:

C̃TT,local
`�2000 (n̂) ⇡
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`,r . (7)

Eq. (6) is recovered by taking the sky average of this
version. We consider combinations of CMB temperature
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The remaining integral is generally small, and the lensed spectrum only deviates from scale
invariant at the O(10−3) level. If there were no lensing power at l > l0, scale invariance would
be preserved on scales l > l0: a large-scale lensing mode magnifies and demagnifies small-
scale structures, which has no effect if the structures are scale invariant. Lensing of the CMB
is important because the acoustic oscillations and small scale damping give a well defined
non-scale-invariant structure to the power spectrum.

34

Lewis & Challinor 2006

3

The lensing potential is directly related to the lensing
convergence  = �r

2�/2, with power spectra related by
C

L = (L(L+1))2C��
L /4. In our conventions, the Fourier

transform of the temperature gradient is

rT (n̂) = i

Z
d2`

2⇡
`T (`)ei`·n̂ . (2)

Note that the majority of the CMB temperature gradient
comes from modes with ` . 2000 [51]. Taking Eq. (1) into
Fourier space, we apply Eq. (2) in combination with the
convolution theorem to get

T̃ (`) =

Z
dn̂T̃ (n̂)e�i`·n̂

= T (`) �

Z
d2`0

2⇡
`0 · (` � `0)�(` � `0)T (`0) + O(�2)

(3)

In Eq. (3), we see that at first order in � the lensed tem-
perature field T̃ is a convolution between the lensing po-
tential field � and the original unlensed temperature field
T . Taking the two-point auto-correlation of the temper-
ature field (e.g., steps (4.7) - (4.11) in Ref. [1]) yields the
lensed power spectrum:

C̃TT
` ⇡

✓
1 �

Z
d2`0

(2⇡)2
C��

`0 (` · `0)2
◆

CTT
`

+

Z
d2`0

(2⇡)2
[`0 · (` � `0)]2CTT

`0 C��
|`�`0| . (4)

Note that the first term is a cross-term between the ze-
roth and second order terms of Eq. (3), and the second
term is a product of the first order term with itself. Sim-
ilar to Eq. (3), it expresses that the lensed CMB tem-
perature power contains a convolution between the lens-
ing potential power and the original CMB temperature
power. The e↵ects of weak gravitational lensing on the
CMB do not add or remove from the total CMB tem-
perature variance

R
d``CTT

` /2⇡ across the sky. Instead,
lensing serves to redistribute power CTT

` between angu-
lar modes ` in a way that “smooths out” the peaks and
troughs in the observed power spectrum (as can be seen
in Figure 1); the power redistributed to scales ` & 4000
dominates the signal compared to the unlensed temper-
ature modes which are suppressed by di↵usion damping.
Traditional estimators of the lensing potential take ad-
vantage of the correlations between angular modes that
have been introduced, and they work to reconstruct the
lensing potential field through measurement of these o↵-
diagonal couplings. We can make approximations to sim-
plify Eq. (4) in the small-scale limit ` � 2000. The
CMB temperature gradient variance, which we denote
h|rTL|

2
i, is made up of an integral over the larger scale

modes CTT
`.2000 of the original CMB temperature field,

given by
R

d``2CTT
` /2⇡. This background temperature

gradient is approximately constant at small scales, which
can be enforced with `0 ⌧ ` in Eq. (4). One can apply

these approximations to arrive at a simplified represen-
tation of the lensed CMB temperature power on small
scales (e.g., §4.1.3 of Ref. [1]):

C̃TT
`�2000 ⇡ `2C��

`

Z
d`0

`0
`04CTT

`0

4⇡
+ CTT

`,r

=
1

2
h|rTL|

2
i`2C��

` + CTT
`,r . (5)

Here, we define CTT
`,r which represents all remaining con-

tributions to the observed temperature power which are
not expected to strongly correlate with the large-scale
gradient of the CMB temperature field. This includes
the first term of Eq. (4) which contains a small amount
of the unlensed CMB temperature power suppressed by
di↵usion damping crossed with a second-order lensing
contribution. We may also include contributions from
instrument noise, foregrounds, and other secondaries in
CTT

`,r .
A straightforward method to estimate the small-scale

lensing power is to simply divide the observed excess
small-scale temperature power by the average unlensed
temperature gradient power on large scales. That is, we
can rework Eq. (5) and estimate the small scale lensing
power spectrum as

C��
` ⇡

C̃TT
` � CTT

`,r

`2
�
1
2 h|rT |2i

� , (6)

for ` � 2000. The motivation for our SCALE technique
is that we can do better than Eq. (6), even without re-
constructing a map of the lensing field. In any given
patch of sky, the large-scale temperature gradient power
around the line-of-sight n̂ will deviate from the sky aver-
age due to random fluctuations. As a consequence, the lo-
cal small-scale temperature power that results from lens-
ing will also deviate from the sky average. By correlating
the spatial variations in the locally measured large-scale
temperature gradient power with the spatial variations
in the small-scale temperature power, we can construct
an improved estimate of the small-scale lensing power.
Furthermore, variations in the observed small-scale tem-
perature power that are due to sources other than lens-
ing (such as non-stationary noise or astrophysical fore-
grounds), are not expected to correlate with variations
in the large-scale temperature gradient power since these
e↵ects result from survey choices or local physics unre-
lated to the long wavelength fluctuations responsible for
the large-scale temperature gradients.

In summary, we propose a new lensing estimator with
a similar form to Eq. (6). The key di↵erence is allowing
the local small-scale lensed temperature power to fluctu-
ate according to the steepness of the background temper-
ature gradient in the same part of the sky:

C̃TT,local
`�2000 (n̂) ⇡

1

2
|rTL(n̂)|2 `2C��

` + CTT
`,r . (7)

Eq. (6) is recovered by taking the sky average of this
version. We consider combinations of CMB temperature

3

The lensing potential is directly related to the lensing
convergence  = �r

2�/2, with power spectra related by
C

L = (L(L+1))2C��
L /4. In our conventions, the Fourier

transform of the temperature gradient is

rT (n̂) = i

Z
d2`

2⇡
`T (`)ei`·n̂ . (2)

Note that the majority of the CMB temperature gradient
comes from modes with ` . 2000 [51]. Taking Eq. (1) into
Fourier space, we apply Eq. (2) in combination with the
convolution theorem to get

T̃ (`) =

Z
dn̂T̃ (n̂)e�i`·n̂

= T (`) �

Z
d2`0

2⇡
`0 · (` � `0)�(` � `0)T (`0) + O(�2)

(3)

In Eq. (3), we see that at first order in � the lensed tem-
perature field T̃ is a convolution between the lensing po-
tential field � and the original unlensed temperature field
T . Taking the two-point auto-correlation of the temper-
ature field (e.g., steps (4.7) - (4.11) in Ref. [1]) yields the
lensed power spectrum:

C̃TT
` ⇡

✓
1 �

Z
d2`0

(2⇡)2
C��

`0 (` · `0)2
◆

CTT
`

+

Z
d2`0

(2⇡)2
[`0 · (` � `0)]2CTT

`0 C��
|`�`0| . (4)

Note that the first term is a cross-term between the ze-
roth and second order terms of Eq. (3), and the second
term is a product of the first order term with itself. Sim-
ilar to Eq. (3), it expresses that the lensed CMB tem-
perature power contains a convolution between the lens-
ing potential power and the original CMB temperature
power. The e↵ects of weak gravitational lensing on the
CMB do not add or remove from the total CMB tem-
perature variance

R
d``CTT

` /2⇡ across the sky. Instead,
lensing serves to redistribute power CTT

` between angu-
lar modes ` in a way that “smooths out” the peaks and
troughs in the observed power spectrum (as can be seen
in Figure 1); the power redistributed to scales ` & 4000
dominates the signal compared to the unlensed temper-
ature modes which are suppressed by di↵usion damping.
Traditional estimators of the lensing potential take ad-
vantage of the correlations between angular modes that
have been introduced, and they work to reconstruct the
lensing potential field through measurement of these o↵-
diagonal couplings. We can make approximations to sim-
plify Eq. (4) in the small-scale limit ` � 2000. The
CMB temperature gradient variance, which we denote
h|rTL|

2
i, is made up of an integral over the larger scale

modes CTT
`.2000 of the original CMB temperature field,

given by
R

d``2CTT
` /2⇡. This background temperature

gradient is approximately constant at small scales, which
can be enforced with `0 ⌧ ` in Eq. (4). One can apply

these approximations to arrive at a simplified represen-
tation of the lensed CMB temperature power on small
scales (e.g., §4.1.3 of Ref. [1]):
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Here, we define CTT
`,r which represents all remaining con-

tributions to the observed temperature power which are
not expected to strongly correlate with the large-scale
gradient of the CMB temperature field. This includes
the first term of Eq. (4) which contains a small amount
of the unlensed CMB temperature power suppressed by
di↵usion damping crossed with a second-order lensing
contribution. We may also include contributions from
instrument noise, foregrounds, and other secondaries in
CTT

`,r .
A straightforward method to estimate the small-scale

lensing power is to simply divide the observed excess
small-scale temperature power by the average unlensed
temperature gradient power on large scales. That is, we
can rework Eq. (5) and estimate the small scale lensing
power spectrum as

C��
` ⇡

C̃TT
` � CTT

`,r

`2
�
1
2 h|rT |2i

� , (6)

for ` � 2000. The motivation for our SCALE technique
is that we can do better than Eq. (6), even without re-
constructing a map of the lensing field. In any given
patch of sky, the large-scale temperature gradient power
around the line-of-sight n̂ will deviate from the sky aver-
age due to random fluctuations. As a consequence, the lo-
cal small-scale temperature power that results from lens-
ing will also deviate from the sky average. By correlating
the spatial variations in the locally measured large-scale
temperature gradient power with the spatial variations
in the small-scale temperature power, we can construct
an improved estimate of the small-scale lensing power.
Furthermore, variations in the observed small-scale tem-
perature power that are due to sources other than lens-
ing (such as non-stationary noise or astrophysical fore-
grounds), are not expected to correlate with variations
in the large-scale temperature gradient power since these
e↵ects result from survey choices or local physics unre-
lated to the long wavelength fluctuations responsible for
the large-scale temperature gradients.

In summary, we propose a new lensing estimator with
a similar form to Eq. (6). The key di↵erence is allowing
the local small-scale lensed temperature power to fluctu-
ate according to the steepness of the background temper-
ature gradient in the same part of the sky:

C̃TT,local
`�2000 (n̂) ⇡

1

2
|rTL(n̂)|2 `2C��

` + CTT
`,r . (7)

Eq. (6) is recovered by taking the sky average of this
version. We consider combinations of CMB temperature
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SCALE at Scale: Cosmological applications of small-scale CMB lensing
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The Small-Correlated-Against-Large Estimator (SCALE) for small-scale lensing of the cosmic
microwave background (CMB) provides a novel method for measuring the amplitude of CMB lensing
power without the need for reconstruction of the lensing field. In our previous study, we showed
that the SCALE method can outperform existing reconstruction methods to detect the presence of
lensing at small scales (` � 3000). Here we develop a procedure to include information from SCALE
in cosmological parameter inference. We construct a precise neural network emulator to quickly map
cosmological parameters to desired CMB observables such as temperature and lensing power spectra
and SCALE cross spectra. We also outline a method to apply SCALE to full-sky maps of the CMB
temperature field, and construct a likelihood for the application of SCALE in parameter estimation.
SCALE supplements conventional observables such as the CMB power spectra and baryon acoustic
oscillations in constraining parameters that are sensitive to the small-scale lensing amplitude such
as the neutrino mass m⌫ . We show that including estimates of the small-scale lensing amplitude
from SCALE in such an analysis provides enough constraining information to measure the minimum
neutrino mass at 4� significance in the scenario of minimal mass, and higher significance for higher
mass. Finally, we show that SCALE will play a powerful role in constraining models of clustering that
generate scale-dependent modulation to the distribution of matter and the lensing power spectrum,
as predicted by models of warm or fuzzy dark matter.

I. INTRODUCTION

Forthcoming high-resolution, low-noise observations of
the cosmic microwave background (CMB) will allow anal-
ysis of its gravitational lensing features to greatly exceed
the precision of current measurements. Gravitational
lensing is a particularly useful probe of cosmological den-
sity fluctuations, as it provides an unbiased tracer of the
total mass density. CMB lensing, in particular, utilizes a
very well-characterized source plane at a known redshift,
and thereby is especially powerful in this regard.

In Ref. [1, hereafter C24], we developed the Small-
Correlated-Against-Large Estimator (SCALE) for mea-
suring the small-scale (` � 3000) lensing power in the
CMB. We showed that at the sensitivity of upcoming
CMB experiments, SCALE can exceed the signal-to-noise
with which small-scale lensing can be measured when
compared with lensing reconstruction based on the stan-
dard quadratic estimator (QE) [2–4]. SCALE is a novel
method to quantify small-scale CMB lensing in high-
resolution temperature maps. The basic flow of the
method is to pre-process a temperature map into a map
� of the large-scale (`L < 3000) gradient power which
is dominated by primary CMB features, and a map & of
small-scale (`S � 3000) gradient power which is domi-
nated by lensing features. The cross-spectrum of these
two maps  Ľ is directly related to the amplitude of the
lensing power spectrum C

L of the small-scale regimes
associated with &. We refer the reader to C24 for a com-
plete description of the principles of SCALE as well as
comparisons to measurements with quadratic estimator
reconstructions [3, 5]. Throughout the paper, we will
typically use ` to index multipole moments of the CMB

temperature, L for those of the CMB lensing field, and
Ľ for the SCALE observables.

The value added by using SCALE compared to only
utilizing conventional quadratic estimators lies in a few
key areas. First, it is a simple method to quickly mea-
sure the amplitude of the small-scale CMB lensing power
spectrum without the need for a full reconstruction of
the lensing field. We established in C24 that SCALE
outperforms quadratic estimators in terms of signal-to-
noise of recovered lensing signal at small-scales in up-
coming experiments. Quadratic estimators remain highly
e↵ective, tested, and well-understood tools for estimating
CMB lensing on larger scales, while SCALE is presented
with an opportunistic, complementary role in the realm
of small-scale lensing. If one wishes to use quadratic es-

timators at small-scales, the reconstruction bias N (1),
L

grows to similar amplitude as the lensing power spectrum
C

L by L ⇠ 1000, and dominates at higher L [6, 7]. The
small-scale lensing regime will become ever-more impor-
tant as the experimental sensitivity improves, with sur-
veys like the upcoming Simons Observatory (SO) [8] and
CMB-S4 [9, 10], as well as proposed future surveys like
CMB-HD [11]. Improvements in foreground characteri-
zation and mitigation also suggest that we will be able
to extract a significant amount of cosmology on these
scales with appropriate statistical estimators. The max-
imum likelihood, maximum a posteriori, Gradient Inver-
sion, and Bayesian techniques [12–16] are also currently
being developed with the aim to tackle these challenges
with small-scale lensing reconstruction and go beyond
what the QE is capable of.

Small-scale lensing of the CMB is a particularly inter-
esting laboratory for probing the dark matter and clus-
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Weak gravitational lensing of the cosmic microwave background (CMB) carries imprints of the physics
operating at redshifts much lower than that of recombination and serves as an important probe of
cosmological structure formation, dark matter physics, and the mass of neutrinos. Reconstruction of the
CMB lensing deflection field through use of quadratic estimators has proven successful with existing data,
but is known to be suboptimal on small angular scales (l > 3000) for experiments with low-noise levels.
Future experiments will provide better observations in this regime, but these techniques will remain
statistically limited by their approximations. We show that correlations between fluctuations of the large-
scale temperature gradient power of the CMB sourced by l < 2000 and fluctuations of the local small-
scale temperature power reveal a lensing signal that is prominent in even the real-space pixel statistics
across a CMB temperature map. We present the development of the small-correlated-against-large
estimator (SCALE), a novel estimator for the CMB lensing spectrum that offers promising complementary
analysis alongside other reconstruction techniques in this regime. The SCALE method computes
correlations between both the large-/small-scale temperature gradient power in harmonic space, and it
is able to quantitatively recover unbiased statistics of the CMB lensing field without the need for map-level
reconstruction. SCALE can outperform quadratic estimator signal-to-noise by a factor of up to 1.5 in
current and upcoming experiments for CMB lensing power spectra Cϕϕ

6000<L<8000.

DOI: 10.1103/PhysRevD.109.043527

I. INTRODUCTION

Gravitational lensing of the cosmic microwave back-
ground (CMB) by cosmological structures along the line of
sight has become a standard observational tool to probe the
content and evolution of the Universe; see Ref. [1] for a
review. Improvements in measurements of the CMB with
telescopes like the Atacama Cosmology Telescope (ACT)
[2], the South Pole Telescope (SPT) [3], and the Planck
satellite [4] have unveiled the fluctuations in the temper-
ature and polarization signal of this primordial light down
to arc minute scales. Gravitational lensing distorts our view
of this primordial radiation, imparting nonstationary sta-
tistics that can be teased apart from the primordial fluctua-
tions [5–7].
Extracting (or “reconstructing”) this signal from CMB

temperature T and/or polarizationE andBmaps can proceed
via a number of approaches. The pioneering work of
Refs. [8,9] developed the concept of the quadratic estimator
(QE) for the lensing signal, which combines pairs of
observed maps TT, EE, BB, TE, TB, and EB to reconstruct
the lensing potential field. Lensing reconstruction via the QE

has been successful with existing data. The iterative EB
estimator [10,11] is especially effective at large angular
scales (L≲ 1000) due to the transfer of power fromEmodes
into B modes, the latter of which contains only a meager
signal in the primary CMB caused by a possible epoch of
cosmic inflation. Application of the QE on Planck data has
allowed for a 40σ detection of gravitational lensing [6], and
there has also been recent success from ACT [12,13].
However, the effectiveness of the QE may soon be limited
as experiments push to smaller scales and lower noise.
Indeed, the recent analysis of a set of very deep SPTpol
data showed improved results compared with the more
standard QE approach [14]. The QE formalism, which
approximates the full maximum likelihood estimate of the
signal, is statistically suboptimal on small angular scales and
in low-noise regimes [10,11,15–18].
The derivation of the QE procedure relies on the

assumption that lensing is a weak effect, in the sense that
it has only a small effect on the statistics of the CMB sky.
This is an appropriate approximation for most of the
regimes in which the QE has historically been applied,
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FIG. 6. Schematic of the steps taken in SCALE pipeline.

the lensing power C��
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⇥
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⇥
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�

⇥

�
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`2

�2

CTT,obs
`2

⇣
CTT

|Ľ�`2|

⌘2

CTT,obs
|Ľ�`2|

C��
|`1�`2| . (18)

Note that unlike for, e.g., the QE estimator, with the
SCALE estimator we do not directly recover the signal

of immediate interest (namely, C��
` in this case). This

means that non-trivial physical changes to C��
` , such as

from extensions to the cosmological model, would ap-
pear in the  Ľ statistic in the SCALE estimator only in-
directly, via this integral relation. Nevertheless, we will
show below that the expected  Ľ is readily computed for
any cosmological model, and shows excellent agreement
with simulated reconstructions.

The expected noise variance of  Ľ, i.e., the variance
in the absence of any lensing, is NĽ ⇡ 4AĽ, and the
expected minimum uncertainty on an estimated  ̂Ľ in
the limit of low covariance between Ľ modes is

� ̂Ľ =

s
 2

Ľ
+ 4AĽ

fsky�Ľ(2Ľ + 1)
. (19)

The details of AĽ, h Ľi and its expected variances are
derived in Appendix A leading up to Eq. (A25). We also
demonstrate that the inverse-variance and Wiener filters
are the optimal filters to minimize the noise variance NĽ
of the SCALE estimator.

The general flow of the SCALE pipeline is illustrated
in Figure 6, and summarized here beginning with a tem-
perature map T (n̂):

1. Transform T (n̂) into harmonic space T (`), apply
the operations described by Eq. (11), and return
rTL to map space.

2. Compute �(n̂) using Eq. (12).

3. Apply the operations described by Eq. (14) to T (`),
and return rTS to map space.

4. Compute &(n̂) using Eq. (15).

5. Compute the cross-spectrum C�&
Ľ

.

6. Apply the normalization  Ľ = AĽC�&
Ľ

.

The end result  Ľ is a set of separate estimates of the

lensing power spectrum C��
` weighted by the normaliza-

tion AĽ along a range of scales set by W&(`) and W�(`).
We note that the nature of our e↵ectively four-point cor-
relator is reminiscent of the trispectrum calculations for

N (1)
L [53] which are typically discarded in CMB lensing

power spectrum analyses. This provides a hint that the
non-Gaussian signatures of CMB lensing are being con-
sidered as part of the SCALE signal. We also note that
the SCALE procedure draws parallels with the estima-
tor constructed in Ref. [52], wherein the locally measured
small-scale (` & 3000) temperature power varies across
the sky due to the patchiness of the kinetic Sunyaev-
Zel’dovich e↵ect. The main di↵erence is that here we cor-
relate the fluctuations in power between large and small
scales, whereas the kSZ estimator of Ref. [52] studies the
angular power spectrum of the locally measured small-
scale temperature power.

•Look for correlation 
between CMB gradient 
squared and small-scale 
pixel variance  
c.f., Zaldarriaga 1997
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FIG. 11. Comparison of the values of the signal-to-noise
ratio (SNR, Eq. (20)) across noise configurations between
the SCALE estimator for a small-scale window W&(6000 <
` < 8000) and the HDV quadratic estimator applied to
6000 < L < 8000. SCALE bars indicate the median and
68% range of the bootstrap distribution for SNRs computed
1000 times with a set of 100 000 simulations. HDV bars indi-
cate the median and 68% range of the bootstrap distribution
for SNRs computed 1000 times with a set of 10 000 simula-
tions. Each realization has a map area of 100 sq.deg., and
SNR values are scaled up to 20 000 sq.deg.

Config. HDV QE S/N SCALE S/N

A 2.9 2.1

B 6.8 5.0

C 55.1+4.7
�4.2 67.6+0.4

�0.4

D 87.3+4.5
�4.2 127.0+2.1

�1.9

E 135.7+3.0
�3.0 154.0+2.2

�2.0

Noise-free 152.2+2.9
�3.1 153.6+2.4

�2.5

TABLE IV. Computed signal-to-noise ratio (SNR, Eq. (20))
across noise configurations between the SCALE estimator for
a small-scale window W&(6000 < ` < 8000) and the HDV
quadratic estimator applied to 6000 < L < 8000. Values
are the median and 68% range of the bootstrap distribution
for SNRs computed 1000 times with a set of 100 000 simula-
tions for SCALE and 10 000 simulations for the HDV QE. No
uncertainty is shown if the 68% range of the bootstrap distri-
bution is smaller than the significant figures provided. Each
realization has a map area of 100 sq.deg., and SNR values are
scaled up to 20 000 sq.deg.

in Eq. (18).
The reverse is also true: lensing modes within 6000 <

L < 8000 would also contribute to a lesser extent in
other implementations of SCALE with a di↵erent choice
in `1 range. These modes would make up a small part
of the SCALE signal if we choose instead to filter for
W&(8000 < ` < 10000) rather than the filter choice we
make in this paper for W&(6000 < ` < 8000). These con-
tributions to the SCALE estimator from modes outside
the filtered band make a direct comparison between both
SCALE and other approaches di�cult, as it is non-trivial
to restrict SCALE to include information only from a cer-
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FIG. 12. Comparison of SCALE vs HDV QE fractional error
bands alongside fractional changes in the lensing convergence
power C

L with neutrino mass. Note that
P
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tain subset of L modes from the lensing field.
Finally, we consider in a simple example the SCALE

method’s ability to discriminate between cosmological
models that predict changes in the shape/amplitude of
the matter power spectrum P (k), and by extension, the
lensing power C��

L or C
L by adjusting the total sum of

neutrino masses
P

m⌫ . A higher neutrino mass produces
e↵ects similar to warm or fuzzy dark matter, suppressing
structure formation at small scales, but one key feature
is that the lensing power C

L is suppressed similarly at
high L. Figure 12 compares a couple of models with neu-
trino mass heavier than our fiducial model. We see that
the fractional changes in C

L do not contain much shape
information, but in principle, di↵erent choices small-scale
windows can elucidate potential shape information. We
place approximate fractional error bands of �L = 2000
for SCALE and the HDV QE on the assumption that
the SNR values for noise configuration D can be taken
at face value. In other words, each fractional error band
shown in Figure 12 is calculated as 1/SNR, centered on
the fiducial curve.

While Figure 12 is not meant to be a forecast of ei-
ther SCALE or QE performance, it provides some insight
into the distinguishing power of each method. We note
that the SCALE estimator exists in a separate space of
Ľ modes that are each an estimate of a weighted sum of
C��

L (and by extension C
L ) as prescribed by Eq. (18).

We leave full parameter constraints and a more thorough
comparison between methods for future work.

VII. DISCUSSION & CONCLUSION

In this paper, we:

• showed that fluctuations in the local small-scale
(` � 3000) CMB temperature power are intricately
tied to the variations in the local large-scale tem-

•Simple estimator (no noise 
bias…)

•More sensitive than 
standard QE
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FIG. 11. Comparison of the values of the signal-to-noise
ratio (SNR, Eq. (20)) across noise configurations between
the SCALE estimator for a small-scale window W&(6000 <
` < 8000) and the HDV quadratic estimator applied to
6000 < L < 8000. SCALE bars indicate the median and
68% range of the bootstrap distribution for SNRs computed
1000 times with a set of 100 000 simulations. HDV bars indi-
cate the median and 68% range of the bootstrap distribution
for SNRs computed 1000 times with a set of 10 000 simula-
tions. Each realization has a map area of 100 sq.deg., and
SNR values are scaled up to 20 000 sq.deg.

Config. HDV QE S/N SCALE S/N

A 2.9 2.1

B 6.8 5.0

C 55.1+4.7
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TABLE IV. Computed signal-to-noise ratio (SNR, Eq. (20))
across noise configurations between the SCALE estimator for
a small-scale window W&(6000 < ` < 8000) and the HDV
quadratic estimator applied to 6000 < L < 8000. Values
are the median and 68% range of the bootstrap distribution
for SNRs computed 1000 times with a set of 100 000 simula-
tions for SCALE and 10 000 simulations for the HDV QE. No
uncertainty is shown if the 68% range of the bootstrap distri-
bution is smaller than the significant figures provided. Each
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scaled up to 20 000 sq.deg.

in Eq. (18).
The reverse is also true: lensing modes within 6000 <

L < 8000 would also contribute to a lesser extent in
other implementations of SCALE with a di↵erent choice
in `1 range. These modes would make up a small part
of the SCALE signal if we choose instead to filter for
W&(8000 < ` < 10000) rather than the filter choice we
make in this paper for W&(6000 < ` < 8000). These con-
tributions to the SCALE estimator from modes outside
the filtered band make a direct comparison between both
SCALE and other approaches di�cult, as it is non-trivial
to restrict SCALE to include information only from a cer-
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models that predict changes in the shape/amplitude of
the matter power spectrum P (k), and by extension, the
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e↵ects similar to warm or fuzzy dark matter, suppressing
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is that the lensing power C
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high L. Figure 12 compares a couple of models with neu-
trino mass heavier than our fiducial model. We see that
the fractional changes in C

L do not contain much shape
information, but in principle, di↵erent choices small-scale
windows can elucidate potential shape information. We
place approximate fractional error bands of �L = 2000
for SCALE and the HDV QE on the assumption that
the SNR values for noise configuration D can be taken
at face value. In other words, each fractional error band
shown in Figure 12 is calculated as 1/SNR, centered on
the fiducial curve.

While Figure 12 is not meant to be a forecast of ei-
ther SCALE or QE performance, it provides some insight
into the distinguishing power of each method. We note
that the SCALE estimator exists in a separate space of
Ľ modes that are each an estimate of a weighted sum of
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L (and by extension C
L ) as prescribed by Eq. (18).

We leave full parameter constraints and a more thorough
comparison between methods for future work.
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W&(8000 < ` < 10000) rather than the filter choice we
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tain subset of L modes from the lensing field.
Finally, we consider in a simple example the SCALE

method’s ability to discriminate between cosmological
models that predict changes in the shape/amplitude of
the matter power spectrum P (k), and by extension, the
lensing power C��

L or C
L by adjusting the total sum of

neutrino masses
P

m⌫ . A higher neutrino mass produces
e↵ects similar to warm or fuzzy dark matter, suppressing
structure formation at small scales, but one key feature
is that the lensing power C

L is suppressed similarly at
high L. Figure 12 compares a couple of models with neu-
trino mass heavier than our fiducial model. We see that
the fractional changes in C

L do not contain much shape
information, but in principle, di↵erent choices small-scale
windows can elucidate potential shape information. We
place approximate fractional error bands of �L = 2000
for SCALE and the HDV QE on the assumption that
the SNR values for noise configuration D can be taken
at face value. In other words, each fractional error band
shown in Figure 12 is calculated as 1/SNR, centered on
the fiducial curve.

While Figure 12 is not meant to be a forecast of ei-
ther SCALE or QE performance, it provides some insight
into the distinguishing power of each method. We note
that the SCALE estimator exists in a separate space of
Ľ modes that are each an estimate of a weighted sum of
C��

L (and by extension C
L ) as prescribed by Eq. (18).

We leave full parameter constraints and a more thorough
comparison between methods for future work.

VII. DISCUSSION & CONCLUSION

In this paper, we:

• showed that fluctuations in the local small-scale
(` � 3000) CMB temperature power are intricately
tied to the variations in the local large-scale tem-

•Simple estimator (no noise 
bias…)

•More sensitive than 
standard QE

•Difference: with SCALE we 
never make a lensing map(!)

•Directly probing the 
lensed CMB trispectrum

Chan, Hlozek, Meyers, AvE (2023, 2024)
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Figure 16. The points with error bar show C κC γE 
# bandpowers with ACT + Planck tSZ-free κC and DES-Y3 shear, with four redshift bins. Error bars are the 

square root of the diagonal of the simulation covariance matrix, and z mean is the mean redshift of the source galaxy distribution taken from (Abbott et al. 2022 ). 
The curves show the best fit theory C κC γE 

# corresponding to best fit parameters in Table 3 . 

Figure 17. The inferred cosmological parameters σ 8 , %m and S 8 = σ 8 ( %m /0.3) 0.5 from our fiducial DES-Y3 ×ACT-DR4 + Planck -tSZ deprojected data vector. 
To giv e conte xt for our result, we also show results from other experiments with which we minimally share any data and co v er the prominent range of S 8 values 
available in the literature. These are from the CMB at high redshift ( Planck primary CMB) and LSS at lower redshifts (KiDS-1000 + BOSS + 2dFLenS 3 ×2pt). 
The full plot of this posterior, including nuisance parameters, is shown in Fig. B3 . 
the other contains only tomographic bins 3 and 4 (co v ering redshifts 
0.63 < z < 2.0 and with the resulting C κC γE 

# kernel peaking abo v e 
z= 0.5). In Fig. 19 , we show the two posteriors on cosmological 
parameters, along with the one from our fiducial analysis with all four 
tomographic bins. For the sample at lower redshift (bins 1 and 2), 

we obtained %m = 0 . 385 + 0 . 073 
−0 . 22 and S 8 = 0 . 85 + 0 . 17 

−0 . 13 , σ8 = 0 . 80 + 0 . 19 
−0 . 23 . 

Consistently, for the sample at higher redshift (bins 3 and 4), we 
found %m = 0 . 357 + 0 . 052 

−0 . 20 , S 8 = 0.779 ± 0.073, σ8 = 0 . 77 + 0 . 15 
−0 . 19 . Our 

analysis reveals that the constraining power is significantly stronger 
at higher redshifts, primarily due to the better o v erlap with the CMB 
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step

Oriented tSZ stacking
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
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the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step
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Figure 12. From left to right: the stacked surface mass excess density ⌃, the excess y, and excess ng combined over the full
redshift range of viable overlapping DES and ACT DR6 data, 0.2 < z < 0.92 (4648 selected clusters). The upper panel shows
the stack filtered with a Gaussian beam (FWHM=2.6 Mpc) for visual purposes; the lower panel shows a version filtered even
further by including only selected low-m moments (see text for details). The reconstruction is shown for a circle extending out
to ⇠ 35 Mpc in radius, and beyond that the lower images are set to zero.

There is clear reflective asymmetry about the y-axis
(left-right) of each image, and more subtle asymmetry
about the x-axis (up-down), both having been induced
by the +x and +y gradient-based flips (Sec. 2). It is
unsurprising that the stronger asymmetry is left-right:
in the simple picture where a cluster is connected to
only one straight filament that terminates at a neigh-
boring cluster, the filament will be aligned along the +x

axis after the imposed rotation and flip. This natural
asymmetry in the long axis of the eigenvector basis ex-
tends to cases of multiple filaments with varied sizes,
odd-numbered connectivity, and varying shapes. Mean-
while, asymmetry in the short-axis (directed towards +y

in the stacked image) arises less commonly; e.g., it does
not exist in the simple straight inter-cluster filament pic-
ture. However, elements such as curved structures, odd
numbers of connected filaments, and uneven angular o↵-
sets between neighboring connected filaments (which are
all further complicated by projection e↵ects) can all con-
tribute to the excess toward +y seen in Fig. 12.
When examining the Cr(m) and Sr(m) coe�cients of

Fig. 12 (with Eq. 5), we find that the largest contribu-
tions come from the monopole (m = 0) and the cos (m✓)
moments with m = 1, 2, and 4. We note that integra-
tion with cos (4✓) maximally picks up positive signal at
✓ = 0, 90, 180, and 270 degrees; however, the contribu-
tions in this case are likely to stem from concentrated
signal in a small opening angle around the horizontal

axis (0 and 180�) as there is no visual evidence for ex-
cess signal about the vertical axis. There is substantially
lower y signal in all sine components compared to the
respective cosine components, and the sine radial pro-
files are noisier in all cases. The largest contributions in
sine come from m = 1, which captures the excess in the
upper-half of the stacks compared to the lower. We find
that the S1(r) is about ⇠ 60% as large as C1(r), the co-
sine equivalent capturing the left-right asymmetry. The
next-largest sine contributions are from m = 3. Given
this information, we reconstruct a filtered version of each
stacked image in the lower panel of Fig. 12 by adding
all cosine moments from m = 0 up to (and including)
m = 4, and including also S1(r) and S3(r). The faithful
reconstruction filters out small-scale noise and demon-
strates that most of the signal is encompassed in these
first five cosine and two sine moments.
Despite the presence of signal in some of the sin(m✓)

components, due to their noisy nature we will focus the
following sections on comparing only the cosine Cm(r)
profiles with the respective profiles from the simulations.
To optimize this in future work, one could consider com-
bining the sine and cosine components in cases where
the SNR is high. There may also be more optimized
ways to handle m = 1 moments through changes to the
methodology. By considering the way that large-scale
structure moves towards “great attractors”, one could
incorporate the constraint of a dipole as the first step
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Figure 2: Spectral distortion of the cosmic microwave background (CMB) radia-
tion due to the Sunyaev-Zel’dovich effect (SZE). The left panel shows the intensity
and the right panel shows the Rayleigh Jeans brightness temperature. The thick
solid line is the thermal SZE and the dashed line is the kinetic SZE. For reference
the 2.7 K thermal spectrum for the CMB intensity scaled by 0.0005 is shown by
the dotted line in the left panel. The cluster properties used to calculate the
spectra are an electron temperature of 10 keV, a Compton y parameter of 10−4,
and a peculiar velocity of 500 km s−1.

CMB at frequencies ∼< 218 GHz and as an increase at higher frequencies.
The derivation of the SZE can be found in the original papers of Sunyaev

and Zel’dovich (Sunyaev & Zel’dovich 1970, 1972), in several reviews (Sunyaev
& Zel’dovich 1980a; Rephaeli 1995; Birkinshaw 1999), and in a number of more
recent contributions which include relativistic corrections (see below for refer-
ences). This review discusses the basic features of the SZE that make it a useful
cosmological tool.
The SZE spectral distortion of the CMB expressed as a temperature change

∆TSZE at dimensionless frequency x ≡ hν
kBTCMB

is given by

∆TSZE

TCMB
= f(x) y = f(x)

∫

ne
kBTe
mec2

σT d", (1)

where y is the Compton y-parameter, which for an isothermal cluster equals
the optical depth, τe, times the fractional energy gain per scattering, σT is the
Thomson cross-section, ne is the electron number density, Te is the electron tem-
perature, kB is the Boltzmann constant, mec2 is the electron rest mass energy,
and the integration is along the line of sight. The frequency dependence of the
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SZE is

f(x) =
(

x
ex + 1

ex − 1
− 4

)

(1 + δSZE(x, Te)), (2)

where δSZE(x, Te) is the relativistic correction to the frequency dependence. Note
that f(x) → −2 in the non-relativistic and Rayleigh-Jeans (RJ) limits.
It is worth noting that ∆TSZE/TCMB is independent of redshift as shown in

Eq. 1. This unique feature of the SZE makes it a potentially powerful tool for
investigating the high redshift universe.
Expressed in units of specific intensity, common in millimeter SZE observations,

the thermal SZE is
∆ISZE = g(x)I0y, (3)

where I0 = 2(kBTCMB)3/(hc)2 and the frequency dependence is given by

g(x) =
x4ex

(ex − 1)2

(

x
ex + 1

ex − 1
− 4

)

(1 + δSZE(x, Te)) . (4)

∆TSZE and ∆ISZE are simply related by the derivative of the blackbody with
respect to temperature, |dBν/dT |.
The spectral distortion of the CMB spectrum by the thermal SZE is shown in

Figure 2 (solid line) for a realistic massive cluster (y = 10−4) in units of intensity
(left panel) and Rayleigh-Jeans (RJ) brightness temperature (right panel). The
RJ brightness is shown because the sensitivity of a radio telescope is calibrated in
these units. It is defined simply by Iν = (2kBν2/c2)TRJ where Iν is the intensity
at frequency ν, kB is Boltzmann’s constant, and c is the speed of light. The
CMB blackbody spectrum, Bν(TCMB), multiplied by 0.0005 (dotted line) is also
shown for comparison. Note that the spectral signature of the thermal effect
is distinguished readily from a simple temperature fluctuation of the CMB. The
kinetic SZE distortion is shown by the dashed curve (§2.2). In the non-relativistic
regime, it is indistinguishable from a CMB temperature fluctuation.
The gas temperatures measured in massive galaxy clusters are around kBTe ∼

10 keV (Mushotzky & Scharf 1997; Allen & Fabian 1998) and are measured to
be as high as ∼ 17 keV in the galaxy cluster 1E 0657 − 56 (Tucker et al 1998).
The mass is expected to scale with temperature roughly as Te ∝ M2/3. At these
temperatures, electron velocities are becoming relativistic and small corrections
are required for accurate interpretation of the SZE. There has been consider-
able theoretical work to include relativistic corrections to the SZE (Wright 1979;
Fabbri 1981; Rephaeli 1995; Rephaeli & Yankovitch 1997; Stebbins 1997; Itoh
et al 1998; Challinor & Lasenby 1998; Sazonov & Sunyaev 1998a,b; Nozawa et al
1998b; Challinor & Lasenby 1999; Molnar & Birkinshaw 1999; Dolgov et al 2001).
All of these derivations agree for kBTe ∼< 15 keV, appropriate for galaxy clusters.
For a massive cluster with kBTe ∼ 10keV (kBTe/mec2 ∼ 0.02) the relativistic cor-
rections to the SZE are of order a few percent in the RJ portion of the spectrum,
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be proportional to the total temperature-weighted mass (total integrated pres-
sure) and, of course, inversely proportional to the square of the angular diameter
distance. Adopting a reasonable cosmology and accounting for the increase in
the universal matter density with redshift, the mass limit for a given SZE survey
flux sensitivity is not expected to change more than a factor of ∼ 2 − 3 for any
clusters with z > 0.05.
SZE surveys therefore offer an ideal tool for determining the cluster density

evolution. Analyses of even a modest survey covering ∼ 10 square degrees will
provide interesting constraints on the matter density of the universe. The pre-
cision with which cosmological constraints can be extracted from much larger
surveys, however, will be limited by systematics due to our insufficient under-
standing of the structure of clusters, their gas properties and evolution.
Insights into the structure of clusters will be provided by high resolution SZE

observations, especially when combined with other measurements of the clusters.
Fortunately, many of the cluster properties derived directly from observational
data can be determined in several different ways. For example, the gas mass
fraction can be determined by various combinations of SZE, X-ray, and lensing
observations. The electron temperature, a direct measure of a cluster’s mass,
can be measured directly through X-ray spectroscopy, or determined through the
analysis of various combinations of X-ray, SZE, and lensing observations. Several
of the desired properties of clusters are therefore over-constrained by observation,
providing critical insights to our understanding of clusters, and critical tests of
current models for the formation and evolution of galaxy clusters. With improved
sensitivity, better angular resolution, and sources out to z ∼ 2, the next gener-
ation of SZE observations will provide a good view of galaxy cluster structure
and evolution. This will allow, in principle, the dependence of the cluster yields
from large SZE surveys on the underlying cosmology to be separated from the
dependence of the yields on cluster structure and evolution.
We outline the properties of the SZE in the next section and provide an

overview of the current state of the observations in §3. This is followed in §4 by
predictions for the expected yields of upcoming SZE surveys. In §5, we provide
an overview of the cosmological tests which will be possible with catalogs of SZE-
selected clusters. This is followed by a discussion of backgrounds, foregrounds,
contaminants, and theoretical uncertainties that could adversely affect cosmolog-
ical studies with the SZE and a discussion of observations which could reduce or
eliminate these concerns. Throughout the paper, h is used to parametrize the
Hubble constant by H0 = 100h km s−1 Mpc−1, and ΩM and ΩΛ are the matter
density and vacuum energy density, respectively, in units of the critical density.
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Figure 1: The Cosmic Microwave Background (CMB) spectrum, undistorted
(dashed line) and distorted by the Sunyaev-Zel’dovich effect (SZE) (solid line).
Following Sunyaev & Zel’dovich (1980a) to illustrate the effect, the SZE distortion
shown is for a fictional cluster 1000 times more massive than a typical massive
galaxy cluster. The SZE causes a decrease in the CMB intensity at frequencies

∼< 218 GHz and an increase at higher frequencies.

2 THE SUNYAEV-ZEL’DOVICH EFFECT

2.1 Thermal Sunyaev-Zel’dovich Effect

The Sunyaev-Zel’dovich effect (SZE) is a small spectral distortion of the cosmic
microwave background (CMB) spectrum caused by the scattering of the CMB
photons off a distribution of high energy electrons. Here we focus only on the SZE
caused by the hot thermal distribution of electrons provided by the intra-cluster
medium (ICM) of galaxy clusters. CMB photons passing through the center of
a massive cluster have only a ≈ 1% probability of interacting with an energetic
ICM electron. The resulting inverse Compton scattering preferentially boosts
the energy of the CMB photon by roughly kBTe/mec2 causing a small (∼< 1 mK)
distortion in the CMB spectrum. Figure 1 shows the SZE spectral distortion for
a fictional cluster that is over 1000 times more massive than a typical cluster to
illustrate the small effect. The SZE appears as a decrease in the intensity of the

SZ effects

Fig: Carlstrom++ review article 2002
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Cosmology from velocities - 
large scales

• Growth rate, neutrino mass

• Remote dipoles

• Modified gravity

• Primordial non-Gaussianity 
from scale-dependent halo 
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• 100-1000σ measurements coming!

• Most detection methods are from 
<vlonggshortTshort> bispectrum Smith+2019
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E.g. velocity-weighted stack of TCMB on galaxies:
<vlong gshort Tshort>

And since TkSZ= vlong/c * τshort:
<vlong gshort Tshort> ~ <vlongglong><gshortτshort>

Astrophysics Cosmology

• 100-1000σ measurements coming!

• Most detection methods are from 
<vlonggshortTshort> bispectrum Smith+2019
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2

in the 1990’s [21–24].
Let ⌫ and TCMB = 2.725K be the photons’ frequency

and the background radiation temperature at present.
Then, we know the background phase space distribution
function of the CMB is written by a Planck distribu-
tion f̄ ⌘ [exp(h⌫/kBTCMB)� 1]�1, with h and kB being
the Planck and Boltzmann constants. We Taylor expand
the CMB distribution function, f , around f̄ in terms
of the electron temperature-mass ratio ✓e ⌘ kBTe/mec

2,
and clusters 3-velocity v. Defining the derivative oper-
ator D ⌘ �⌫@/@⌫, we introduce two functions of pho-
ton frequency ⌫: G ⌘ Df̄ , and Y ⌘ (D2

� 3D)f̄ . G

is the frequency dependence of the primary temperature
anisotropies, and Y is that of the Compton y parameter,
which do not change the number of photons. We may
generalize the n-th derivatives of the Planck distribution
in terms of ⌫ as Y

(n)
⌘ D

n�2
Y for n � 2. Using these

functions, we may write the spectral distortion �f ⌘ f�f̄

due to the Compton scattering in clusters as [21–24]

�f =

Z
d�ne�Tae

�⌧
S, (1)

where ⌧ is the optical depth, �, ne and a are the comoving
distance, electron number density and scale factor in the
CMB rest frame, and the source function is [22, 24, 30]

S = ✓eY
(2) + ✓

2
e

✓
�

3

10
Y

(2)
�

21

10
Y

(3) +
7

10
Y

(4)

◆

+ v · nG + ✓ev · n

✓
2

5
G � Y

(2) +
7

5
Y

(3)

◆

+ ✓
2
ev · n

✓
1

5
G �

7

10
Y

(3)
�

33

10
Y

(4) +
11

10
Y

(5)

◆
, (2)

with line-of-sight direction n. Here, we have dropped
terms of O(v2, ✓3e ), which are known as subdominant
contributions for typical clusters [22, 24]. We assumed
that the incoming photon distributions to the clusters
are the homogeneous and isotropic Planck distribution.
Note that the optical depth in the CMB rest frame de-
pends on the clusters’ velocity, and �Y

(2) in the second
line is a frequency shift because of this e↵ect [30]. Eq. (1)
evaluated on the sky can be explicitly parameterized as
Eq. (1), as seen on the sky, can be factored into depen-
dence on line of sight n and frequency ⌫ as

�f(⌫,n) = ⇥(n)G(⌫) + y(n)Y(⌫) + ↵(n)A(⌫) + · · · ,

(3)

where ⇥(n) is a dimensionless temperature perturba-
tion composed of the primary anisotropy, kSZ, inte-
grated Sachs-Wolfe e↵ects. A(⌫) ⌘ 2G(⌫)/5� Y

(2)(⌫) +
7Y(3)(⌫)/5 is the frequency response for the tkSZ e↵ect
parameterized by ↵(n). The dots imply the other e↵ect
such as the relativistic tSZ (rtSZ) e↵ects. Combining
Eqs. (1) and (3) , we obtain [AVE: replaced 1/(1 + z) to

a]

↵ =

Z
d�Rp

v

c
· n, R ⌘

a�T

mec
2
e
�⌧

, (4)

where p ⌘ nekBTe is the electron pressure, and z is the
redshift. This e↵ect can be contrasted with the stan-
dard tSZ e↵ect y =

R
d�Rp, and kSZ e↵ect ⇥kSZ =R

d�a�T e
�⌧

nev/c · n. Thus the calculation of the tkSZ
e↵ect is identical to the calculation of the kSZ e↵ect ex-
cept the electron density is replaced by the pressure.
Isolating the signal—. The real sky is composed of

many di↵erent signals, both galactic and extra-galactic.
In order to study the much fainter tkSZ e↵ect we need to
isolate this signal from the other backgrounds. Given ob-
servations with enough frequency channels we can use the
unique spectral signature seen in Fig. 1 to isolate the tkSZ
e↵ect from the other sky signals. We follow the method
of Ref. [31] using the constrained internal linear combi-
nation (cILC) to isolate the tkSZ signal and to ensure
there is no contamination from the kSZ e↵ect, which due
to its similar velocity dependence and much higher am-
plitude has the possibility to bias our results. The cILC
approach is designed to yield a minimum-noise map of
the tkSZ e↵ect with correct normalization, but with zero
response to the kSZ. This is enabled by our perfect knowl-
edge of the spectrum of both signals. We note that this
method is blind to the spatial and frequency properties of
the foregrounds and parametric approaches, such as FG-
buster [32], may o↵er greater detection prospects. We
briefly summarize this method here and refer the reader
to Ref. [31] for more details. The measured intensity at a
frequency ⌫i, si(n), can be given by discretizing Eq. (3),
with the appropriate phase space volume element

si(n) = ↵(n)Ai +⇥(n)Gi +Ni(n), (5)

where Gi ⌘ 2h⌫3i c
�2

G(⌫i) is a vector of the spectral de-
pendences of the temperature perturbation, and Ai ⌘

2h⌫3i c
�2

A(⌫i) is that of the tkSZ e↵ect at the observed
frequencies. Ni(n) are all other signals, which in this
work we assume includes the following components: the
CMB, tSZ, kSZ,rtSZ, cosmic infrared background (CIB),
radio galaxies, galactic dust and synchrotron emission,
and instrumental noise. For the ground-based survey we
also allow for atmospheric noise at large angular scales.
In Table III we summarize properties of these compo-
nents that we assume, specifying their angular power
spectra and spectral dependence. We assume that the
CIB and tSZ are correlated at the 10% level and the
rtSZ, tSZ, tkSZ and kSZ are correlated appropriately.
For simplicity we also do not allow for frequency de-
coherence of the CIB. For the amplitude of the power
spectrum of dust, we assume the amplitude measured by
Ref. [33] which is a fit to a relatively small fraction of
sky; however, we found that our results are unchanged
if the amplitude of galactic dust power is increased by a
factor of ten.

Compton scattering - higher order

2

in the 1990’s [21–24].
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and the background radiation temperature at present.
Then, we know the background phase space distribution
function of the CMB is written by a Planck distribu-
tion f̄ ⌘ [exp(h⌫/kBTCMB)� 1]�1, with h and kB being
the Planck and Boltzmann constants. We Taylor expand
the CMB distribution function, f , around f̄ in terms
of the electron temperature-mass ratio ✓e ⌘ kBTe/mec
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with line-of-sight direction n. Here, we have dropped
terms of O(v2, ✓3e ), which are known as subdominant
contributions for typical clusters [22, 24]. We assumed
that the incoming photon distributions to the clusters
are the homogeneous and isotropic Planck distribution.
Note that the optical depth in the CMB rest frame de-
pends on the clusters’ velocity, and �Y

(2) in the second
line is a frequency shift because of this e↵ect [30]. Eq. (1)
evaluated on the sky can be explicitly parameterized as
Eq. (1), as seen on the sky, can be factored into depen-
dence on line of sight n and frequency ⌫ as

�f(⌫,n) = ⇥(n)G(⌫) + y(n)Y(⌫) + ↵(n)A(⌫) + · · · ,

(3)

where ⇥(n) is a dimensionless temperature perturba-
tion composed of the primary anisotropy, kSZ, inte-
grated Sachs-Wolfe e↵ects. A(⌫) ⌘ 2G(⌫)/5� Y

(2)(⌫) +
7Y(3)(⌫)/5 is the frequency response for the tkSZ e↵ect
parameterized by ↵(n). The dots imply the other e↵ect
such as the relativistic tSZ (rtSZ) e↵ects. Combining
Eqs. (1) and (3) , we obtain [AVE: replaced 1/(1 + z) to

a]
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where p ⌘ nekBTe is the electron pressure, and z is the
redshift. This e↵ect can be contrasted with the stan-
dard tSZ e↵ect y =

R
d�Rp, and kSZ e↵ect ⇥kSZ =R

d�a�T e
�⌧

nev/c · n. Thus the calculation of the tkSZ
e↵ect is identical to the calculation of the kSZ e↵ect ex-
cept the electron density is replaced by the pressure.
Isolating the signal—. The real sky is composed of

many di↵erent signals, both galactic and extra-galactic.
In order to study the much fainter tkSZ e↵ect we need to
isolate this signal from the other backgrounds. Given ob-
servations with enough frequency channels we can use the
unique spectral signature seen in Fig. 1 to isolate the tkSZ
e↵ect from the other sky signals. We follow the method
of Ref. [31] using the constrained internal linear combi-
nation (cILC) to isolate the tkSZ signal and to ensure
there is no contamination from the kSZ e↵ect, which due
to its similar velocity dependence and much higher am-
plitude has the possibility to bias our results. The cILC
approach is designed to yield a minimum-noise map of
the tkSZ e↵ect with correct normalization, but with zero
response to the kSZ. This is enabled by our perfect knowl-
edge of the spectrum of both signals. We note that this
method is blind to the spatial and frequency properties of
the foregrounds and parametric approaches, such as FG-
buster [32], may o↵er greater detection prospects. We
briefly summarize this method here and refer the reader
to Ref. [31] for more details. The measured intensity at a
frequency ⌫i, si(n), can be given by discretizing Eq. (3),
with the appropriate phase space volume element

si(n) = ↵(n)Ai +⇥(n)Gi +Ni(n), (5)

where Gi ⌘ 2h⌫3i c
�2

G(⌫i) is a vector of the spectral de-
pendences of the temperature perturbation, and Ai ⌘

2h⌫3i c
�2

A(⌫i) is that of the tkSZ e↵ect at the observed
frequencies. Ni(n) are all other signals, which in this
work we assume includes the following components: the
CMB, tSZ, kSZ,rtSZ, cosmic infrared background (CIB),
radio galaxies, galactic dust and synchrotron emission,
and instrumental noise. For the ground-based survey we
also allow for atmospheric noise at large angular scales.
In Table III we summarize properties of these compo-
nents that we assume, specifying their angular power
spectra and spectral dependence. We assume that the
CIB and tSZ are correlated at the 10% level and the
rtSZ, tSZ, tkSZ and kSZ are correlated appropriately.
For simplicity we also do not allow for frequency de-
coherence of the CIB. For the amplitude of the power
spectrum of dust, we assume the amplitude measured by
Ref. [33] which is a fit to a relatively small fraction of
sky; however, we found that our results are unchanged
if the amplitude of galactic dust power is increased by a
factor of ten.
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expansion schemes that were developed in Refs. [21–24].
Let ⌫ and TCMB = 2.725K be the photons’ fre-

quency and the CMB temperature today. Then, we
know the background phase space distribution func-
tion of the CMB is written by a Planck distribution
f̄ ⌘ [exp(h⌫/kBTCMB) � 1]�1, with h and kB being the
Planck and Boltzmann constants. We Taylor expand the
CMB distribution function, f , around f̄ in terms of the
electron temperature-mass ratio ✓e ⌘ kBTe/mec

2, and
the halos’ 3-velocity v. Defining the derivative opera-
tor D ⌘ �⌫@/@⌫, we introduce two functions of pho-
ton frequency ⌫: G ⌘ Df̄ , and Y ⌘ (D2

� 3D)f̄ . G

is the frequency dependence of the primary temperature
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functions, we may write the spectral distortion �f ⌘ f�f̄

due to the Compton scattering in halos as [21–24]
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distance, electron number density and scale factor in the
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with line-of-sight direction n. These terms correspond
respectively to the tSZ e↵ect, the relativistic thermal SZ
e↵ect (rtSZ), the kSZ e↵ect, the tkSZ e↵ect (which is
the focus of this paper), and one higher order correction.
We have dropped terms of O(v2, ✓3e ), which are known as
subdominant contributions for typical halos [22, 24]. We
assumed that the incoming photon distributions to the
halos are the homogeneous and isotropic Planck distribu-
tion. Note that the optical depth in the CMB rest frame
depends on the halos’ velocity, and �Y

(2) in the second
line is a frequency shift because of this e↵ect [30]. Eq. (1)
evaluated on the sky can be factored into its dependence
on line-of-sight direction and frequency according to

�f(⌫,n) = ⇥(n)G(⌫) + y(n)Y(⌫) + ↵(n)A(⌫) + · · · ,

(3)

where ⇥(n) is a dimensionless temperature perturba-
tion composed of the primary anisotropy, kSZ and inte-
grated Sachs-Wolfe e↵ects. A(⌫) ⌘ 2G(⌫)/5� Y

(2)(⌫) +
7Y(3)(⌫)/5 is the frequency response for the tkSZ e↵ect
parameterized by ↵(n). The dots imply the other e↵ects.

FIG. 1. Spectral response for several signals of interest. The
kSZ e↵ect, like the CMB temperature perturbation itself, is a
shift of blackbody with temperature 2.7K (both blue, / ⌫3G).
The tSZ e↵ect is a spectral distortion that is negative for ⌫ <
217GHz and positive at ⌫ > 217GHz (orange, / ⌫3Y(2)). The
tkSZ e↵ect has a spectral dependence that peaks at higher
frequencies (green, / ⌫3A). Also shown is the term often
referred to as the relativistic thermal SZ (red, / ⌫3B) with
B ⌘ �3Y(2)/10�21Y(3)/10+7Y(4)/10. The frequency bands
for the experiments we consider are shown in grey.

Combining Eqs. (1) and (3), we obtain

↵ =

Z
d�Rp

v

c
· n, R ⌘

a�T

mec
2
e
�⌧

, (4)

where p ⌘ nekBTe is the electron pressure. This e↵ect can
be contrasted with the standard tSZ e↵ect y =

R
d�Rp,

and kSZ e↵ect ⇥kSZ =
R
d�a�T e

�⌧
nev/c · n. Thus the

calculation of the tkSZ e↵ect is identical to that of the
kSZ e↵ect except the electron density is replaced by the
pressure.
Isolating the signal—. The real sky is composed of

many di↵erent signals, both galactic and extra-galactic.
In order to study the much fainter tkSZ e↵ect we need
to isolate this signal from the other backgrounds. Given
observations with enough frequency channels we can use
the unique spectral signature in Fig. 1 to isolate the tkSZ
e↵ect from the other sky signals. We use the constrained
internal linear combination (cILC) method [31] to do this
and to ensure that there is no contamination from the
more significant kSZ e↵ect with similar velocity depen-
dence. Due to this velocity dependence, there is no bias
to our detection methods (described below) from the tSZ
or cosmic infrared background (CIB), but these signals
will contribute e↵ective noise. The cILC approach is de-
signed to yield a minimum-noise map of the tkSZ e↵ect
with correct normalization, but with zero response to the
kSZ; this is enabled by our perfect knowledge of the spec-
trum of both signals [32]. We briefly summarize this

Coulton, Ota, AvE 2019
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tkSZ power spectrum and noise
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TABLE I. Space-based experimental parameters (based on PICO)

Frequency (GHz) 21 25 30 36 43 51 62 74 89 107 129 154 185 222 267 321 385 462 554 665 798

Beamsize (’) 38.4 32.0 28.3 23.6 22.2 18.4 12.8 10.7 9.5 7.9 7.4 6.2 4.3 3.6 3.2 2.6 2.5 2.1 1.5 1.3 1.1

Ref. noise (µK’) 16.9 11.9 8.0 5.6 5.6 4.0 3.8 3.0 2.0 1.4 1.5 1.3 2.8 3.2 2.2 3.0 3.2 6.4 32.4 125.3 740.3

TABLE II. Ground-based experimental parameters (based on
CMB-HD)

Frequency (GHz) 30 40 90 150 220 280 350

Beamsize (’) 1.25 0.94 0.42 0.25 0.17 0.13 0.11

Ref. noise (µK’) 6.5 3.4 0.7 0.8 2.0 2.7 100.0

TABLE III. Spectral and spatial dependence of the fore-
grounds we include in isolating the tkSZ. Here, B⌫(T ) is the
spectral radiance of a blackbody at the CIB or dust tempera-
ture and we use Refs. [33, 34] for the parameters in the table.

Component Spectral dependence Spatial dependence

CMB +kSZ / ⌫3G C⇥⇥
`

tSZ / ⌫3Y Cyy
`

CIB / ⌫�CIBB⌫(TCIB) ACIB
p +Ac(`/`c)

↵CIB

Radio / ⌫�Radio ARadio(`/`c)
↵Radio

Galactic Dust / ⌫�DustB⌫(TDust) ADust(`/`c)
↵Dust

cross correlations with galaxy surveys. We use this ge-
ometry to simplify the light cone evolution e↵ects. Here
we model the universe as a periodic 3D box with comov-
ing side length L at a snapshotted redshift z⇤ and use ⇤

to denote quantities at this snapshotted time. We also
work in the flat-sky approximation, assuming the sky to
be periodic with angular side length L/�⇤.

We decompose the observed galaxy density field, g(x)
and tkSZ map, ↵(n), into Fourier components as g(k) ⌘R
d3xg(x)e�ik·x, and ↵(`) ⌘

R
d2n↵(n)e�in·`. Symme-

tries simplify the momentum dependence of the bispec-
trum and we find [26]

hg(k)g(k0)↵(`)i0 = iBgg↵(k, k
0
, l, kr), (9)

where the prime on the bracket implies that we omit-
ted (2⇡)3�(3) (k+ k0 + `/�⇤). Note that �k

0
r = kr is

the projection of the Fourier momenta onto the z axis.
The signal will be peak in squeezed configurations, so we
can use the approximations of Ref. [26] that the bispec-
trum can be approximated by the tree level bispectrum
with the linear power-spectra replaced by the non linear
power-spectra. Thus we find

Bgg↵ ⇡
R⇤kr
�2
⇤


Pgv(k0)

k0
Pgp(k)�

Pgv(k)

k
Pgp(k

0)

�
, (10)

where PXY ⌘ hX(k)Y (k0)i are the cross power spectra of
X and Y . To compute the non-linear Pgp(k) we use the

FIG. 2. The tkSZ auto-spectrum and its cross correlation
with the kSZ e↵ect. Also plotted are the constrained ILC
noise curves for the a CMB-HD and PICO like experiment.
For scale we also plot the kSZ power spectrum along with the
1 arcmin noise curve I removed the 5 µK noise curve. It was
a bit too much for the plot no?.

halo model [36], the galaxy HOD [44, 45] from Refs. [46,
47] and the cluster pressure profiles from Ref. [38]. The
Fisher information of Bgg↵ is then given by

F =
V

2

Z
dkLdksdkLr

8⇡3
kLkS�

2
⇤

⇥

 
B(kL, kS , `, kLr)B⇤(kL, kS , `, kLr)
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`

!
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(11)

where V ⌘ L
3 and C

↵̂↵̂
` is the measured angular power

spectrum of the tkSZ e↵ect from the cILC, Eq. (7), and
P

T
gg(k) is the observed galaxy power spectrum including

the shot noise. Ref. [26] showed that the Fisher informa-
tion is dominated by squeezed bispectrum configurations,
i.e. kL ⌧ kS ⇠ `/�⇤. Using the squeezed limit approxi-
mation, Eq. (11) is then reduced to

F =
V R

2
⇤

12⇡3�2
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.

(12)

The main goal of this paper is to discuss the measura-
bility and utility of Eq. (12). We consider how our two
reference experiments can be combined with an upcoming
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↵Dust

cross correlations with galaxy surveys. We use this ge-
ometry to simplify the light cone evolution e↵ects. Here
we model the universe as a periodic 3D box with comov-
ing side length L at a snapshotted redshift z⇤ and use ⇤

to denote quantities at this snapshotted time. We also
work in the flat-sky approximation, assuming the sky to
be periodic with angular side length L/�⇤.

We decompose the observed galaxy density field, g(x)
and tkSZ map, ↵(n), into Fourier components as g(k) ⌘R
d3xg(x)e�ik·x, and ↵(`) ⌘

R
d2n↵(n)e�in·`. Symme-

tries simplify the momentum dependence of the bispec-
trum and we find [26]

hg(k)g(k0)↵(`)i0 = iBgg↵(k, k
0
, l, kr), (9)

where the prime on the bracket implies that we omit-
ted (2⇡)3�(3) (k+ k0 + `/�⇤). Note that �k

0
r = kr is

the projection of the Fourier momenta onto the z axis.
The signal will be peak in squeezed configurations, so we
can use the approximations of Ref. [26] that the bispec-
trum can be approximated by the tree level bispectrum
with the linear power-spectra replaced by the non linear
power-spectra. Thus we find

Bgg↵ ⇡
R⇤kr
�2
⇤


Pgv(k0)

k0
Pgp(k)�

Pgv(k)

k
Pgp(k

0)

�
, (10)

where PXY ⌘ hX(k)Y (k0)i are the cross power spectra of
X and Y . To compute the non-linear Pgp(k) we use the

FIG. 2. The tkSZ auto-spectrum and its cross correlation
with the kSZ e↵ect. Also plotted are the constrained ILC
noise curves for the a CMB-HD and PICO like experiment.
For scale we also plot the kSZ power spectrum along with the
1 arcmin noise curve I removed the 5 µK noise curve. It was
a bit too much for the plot no?.

halo model [36], the galaxy HOD [44, 45] from Refs. [46,
47] and the cluster pressure profiles from Ref. [38]. The
Fisher information of Bgg↵ is then given by

F =
V

2

Z
dkLdksdkLr

8⇡3
kLkS�

2
⇤

⇥

 
B(kL, kS , `, kLr)B⇤(kL, kS , `, kLr)

P tot
gg (kL)P tot

gg (kS)C↵̂↵̂
`

!

`=ks�⇤

(11)

where V ⌘ L
3 and C

↵̂↵̂
` is the measured angular power

spectrum of the tkSZ e↵ect from the cILC, Eq. (7), and
P

T
gg(k) is the observed galaxy power spectrum including

the shot noise. Ref. [26] showed that the Fisher informa-
tion is dominated by squeezed bispectrum configurations,
i.e. kL ⌧ kS ⇠ `/�⇤. Using the squeezed limit approxi-
mation, Eq. (11) is then reduced to

F =
V R

2
⇤

12⇡3�2
⇤

Z
dqL

q
2
LP

2
gv(qL)

PT
gg(qL)

Z
dqS

qSP
2
gp(qS)

PT
gg(qS)C

↵̂↵̂
kS�⇤

.

(12)

The main goal of this paper is to discuss the measura-
bility and utility of Eq. (12). We consider how our two
reference experiments can be combined with an upcoming

• tkSZ has a unique 
spectral signature - 
can be isolated

Coulton, Ota, AvE 2019
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Just like kSZ but replace ne with pe

E.g. velocity-weighted stack of TCMB on galaxies:
<vlong gshort αshort>

And since T= vlong/c * pshort:
<vlong gshort αshort> ~ <vlongglong><gshortpshort>
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tkSZ-galaxy-galaxy bispectrum
5

DESI-like spectroscopic survey [4] to measure the tkSZ
bispectrum. We assume the mean redshift of the galaxy
survey is 0.75, that the volume of overlap with the CMB
survey is 116 Gpc3, the galaxy bias is 1.51 and the ob-
served galaxy number density 1.7 ⇥ 10�4 Mpc�3. Com-
bining this setup with the isolated tkSZ power spectrum,
Eq. (7), we use

p
F of Eq. (12) to estimate the detectabil-

ity of the tkSZ bispectrum. We note that due to their
di↵ering velocity dependence, the CIB and tSZ will not
bias the measurement, as with the kSZ bispectrum.

We find that each of the two experiments would be able
to detect the tkSZ-galaxy-galaxy bispectrum at the ⇠ 8�
level. We note that the two experiments achieve this SNR
from slightly di↵erent scales, with the CMB-HD experi-
ment gaining information from much smaller scales. In
Fig. 3 we explore the detectability as the experimental
noise level in all channels is scaled by the same factor,
finding that a 3� detection would still be possible from
a ground- or space-based survey if the map-level noise
were increased by a factor of ⇠ 4 compared to CMB-HD
and PICO respectively. In general, a key requirement to
detect this signal is a wide range of frequencies with low
noise. This is essential to separate out the foregrounds
and deproject the kSZ signal.

For an upcoming ground-based survey with more mod-
est angular resolution than CMB-HD, namely CMB-
S4 [48] used together with CCAT-prime for the higher
frequencies [49], we find a marginal detection prospect of
2.1�.

In the more distant future this e↵ect could be detected
at a very high significance. We find that the cosmic vari-
ance limit SNR (with an `max = 5000) is 1340. This is
a factor of 2 larger than the equivalent cosmic variance
limit for the kSZ e↵ect.

Conclusion—. In this work we highlighted the use of
the tkSZ e↵ect as a new cosmological observable. This
signal can be isolated from other components due to its
unique spectral signature and would be detectable by
the proposed PICO and CMB-HD experiments. Whilst
we have focused on outlining the origin and detectabil-
ity of this e↵ect, there are several interesting potential
applications. Perhaps most interestingly, we can use
galaxy-galaxy-tkSZ bispectrum, whose detectability we
discussed above, to reconstruct the large scale velocity
field. This can be converted to a measurement of the
large scale density field, via the continuity equation, with
noise that scales as k. This provides significant advan-
tages to the white noise on large scales obtained from
galaxy survey measurements of the large scale density
fields. Using tkSZ tomography o↵ers a few benefits,
in the long term, compared to standard kSZ tomogra-
phy. Firstly, the tkSZ appraoch does not su↵er from
the tau degenaracy. This problem arises for kSZ tomog-
raphy as the distribution of electrons is uncertain and
means that velocity reconstruction methods have an un-
known amplitude. This is not the case of the tkSZ: it

FIG. 3. Signal to noise ratio for the galaxy-galaxy-tkSZ as
would be obtained using methods similar to current methods
to constrain the non-relativistic kSZ e↵ect. Using Eq. (12)
we find that the sensitivities of the nominal ground-based
space-based experiments could yield detection significances of
10�. On the horizontal axis we scale these nominal map level
instrumental sensitivities at all frequencies by the amount
shown, in order to demonstrate the impact on the SNR.

instead depends on the cluster pressure profile, which is
better known than the electron distribution and can be
measured through tSZ measurements, thus removing the
equivalent degeneracy. Secondly, the tkSZ spectrum is
dominated by the signal of interest. For kSZ measure-
ments the large scales are dominated by the CMB and
at small scales there is a significant contribution to the
power spectrum from reionization. In the future this will
act as a source of noise for kSZ tomography that cannot
be removed. The tkSZ e↵ect is immune from this. These
features can be seen from the low-noise behavior of the
forecasted signal to noise ratio in Fig. 3 in which the de-
tectability of our signal continues to increase rapidly as
the instrumental noise is reduced. In the cosmic variance
limit this e↵ect can be detected at more than 1000 �.
Finally we note that this work has focused on the

galaxy-galaxy- tkSZ bispectrum. However in the longer
term, the tkSZ signal can be isolated and be measured
at the power spectrum through cross correlations with
the kSZ and, more excitingly but more distant, through
its auto-spectrum. The tkSZ auto-spectrum can be mea-
sured on large scales, which is impossible for the standard
kSZ e↵ect due to the presence of the primary CMB, and
thus directly probe the pressure velocity power-spectra.
We defer a thorough discussion of this to the future. Nev-
ertheless, in this paper we have demonstrated a new cos-
mological signal that is within the reach of currently en-
visioned CMB experiments.
We would like to thank Anthony Challinor, Jens

Chluba, Colin Hill, Neelima Sehgal, and Kendrick Smith

• 2σ with CMB-S4 + 
CCAT-p

• 8σ with PICO

• 8σ with CMB-HD

Together with DESI:

No bias from tSZ/CIB
Coulton, Ota, AvE 2019
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much better known than ne profiles

• Can be isolated - no noise floor e.g. from 
recombination or reionization  
—Ultimately higher S/N than kSZ in CV limit
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Results: Biases on Mν 6

FIG. 2. Neutrino mass bias due to baryonic feedback in
large scale clustering, shown as deviations from the fiducial
neutrino mass of Mfid

⌫ = 60 meV. We use two values for the
uncertainty on the optical depth to reionization, �prior(⌧), cor-
responding to the current constraint of 0.006, and the cosmic-
variance-limited constraint of 0.002. For the Stage III experi-
ment the bias is nearly negligible in most cases, with at most a
1
3� e↵ect for the simulation with the strongest AGN feedback.
However, with Stage IV the bias is appreciable for many sim-
ulations we used. Numerical values are available in Table II.

sured from each simulation suite and computed the cor-
responding baryonic e↵ects on the lensing convergence
power spectrum, which is related to the matter power
spectrum via a weighted line-of-sight projection.

We have shown that the inclusion of these e↵ects in the
convergence power spectrum leads to a scale-dependent
suppression on the scales that Stage III and Stage IV
CMB surveys will probe, with a strength that depends
strongly on the specific simulation we consider. Stage
III lensing measurements will reach at most S/N ⇠ 1
on these e↵ects, but Stage IV measurements could possi-
bly a↵ord a much stronger detection if feedback is accu-
rately represented by the OWLS or BAHAMAS simula-
tions, while these e↵ects will still have a small impact if
given by Horizon or IllustrisTNG (see Fig. 1 and Table I).
The CMB-HD experiment concept, which could measure

CMB lensing up to `max ⇠ 35000, would see these e↵ects
at very high significance, save for those given by Illus-
trisTNG, which would still enter at the level of S/N ⇠ 4.

Furthermore, the error forecasts from Stage III and
Stage IV experiments have allowed us to estimate the bias
on the neutrino mass sum that these baryonic e↵ects will
incur if not properly accounted for. We found that the
simulations with higher prescribed AGN e↵ects (OWLS
and BAHAMAS) result in biases that are a large fraction
of the 1� statistical error, ranging from about 1

6
� to⇠ 1�.

Others (Horizon and IllustrisTNG) showed no significant
bias on the fiducial neutrino mass sum of 60 meV (see
Fig. 2). The large dispersion between these results indi-
cates that the uncertainties due to baryonic physics will
constitute a non-negligible systematic e↵ect for planned
CMB surveys, not only for neutrino mass constraints but
also for other physics that might leave signatures on simi-
lar scales, such as warm [75] or fuzzy [76, 77] dark matter.

(Simon: New text below here: ) (Alex: looks

great!) We note here that we have performed our lens-
ing forecasts using the standard quadratic estimator [65],
but that this estimator is known to be sub-optimal on suf-
ficiently small scales. Other lensing reconstruction tech-
niques (e.g. [78]) can result in lower noise on these scales;
use of these techniques would further exacerbate the need
to model baryonic e↵ects, since they would be detectable
at higher significance in that case.

Luckily, there exist a number of possible methods for
controlling for this uncertainty in CMB lensing measure-
ments. The baryon fractions in group-sized halos have
been shown to correlate strongly with suppression of the
matter power spectrum induced by baryonic e↵ects [79],
and these fractions can themselves be probed using sec-
ondary e↵ects on the CMB, namely the kinetic [80, 81]
(Alex: I meant this other Battaglia paper which is

about measuring feedback with kSZ; added) (Si-

mon: Great, thanks) and thermal [82–84] Sunyaev-
Zel’dovich e↵ects. Thus, for a given CMB survey, there is
the potential of calibrating matter power spectrum sup-
pression using data from the very same survey, together
with a tracer of large-scale structure.

Other approaches have also been explored for opti-
cal lensing of galaxies, including modified halo mod-
els [59, 85–87], parametric schemes for modifyingN -body
simulation outputs [88, 89], and principal component de-
compositions of simulation power spectra [90, 91]. Given
the similarities between CMB and optical weak lensing,
these approaches could all be adapted from the former
to the latter, and it would be worthwhile to explore
how they each perform in this setting. (Alex: Maybe

something a little stronger? ”Our results sug-

gest that these approaches should be adopted for

CMB lensing as well.”) (Simon: I’m split between

keeping it as is vs. your suggestion – maybe Clara

can break the tie?) Doing so will be an important step
towards unlocking the full potential of CMB lensing to
reveal new physics.

• We find significant 
dispersion for Stage IV, 
esp. with CVL tau

Chung, Foreman, AvE 2019
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• A big issue for cosmic 
shear at z < 1.  Impact 
on CMB lensing at 
higher z?

• Baryons (AGN/SN feedback; 
cooling/star formation) will 
impact matter power spectrum.

• Different simulations give 
different results.

7.3 Cross Correlations with CMB Lensing 127

Figure 50. Redshift kernel for CMB lensing (blue solid) and for cosmic shear with LSST (red solid),
together with the expected redshift distribution of LSST galaxies (red dashed) and the CMB source redshift
(blue dashed).

7.3.1 CMB Lensing Cross Galaxy Density

Galaxies form in the peaks of the cosmic density field; thus the distribution of galaxies traces the underlying
dark matter structure. This same dark matter structure also contributes to the CMB lensing potential.
Cross-correlating galaxy density distributions with CMB lensing is thus a powerful probe of structure and is
highly complementary to galaxy clustering measurements. Galaxy surveys measure luminous matter while
CMB lensing maps directly probe the underlying dark matter structure. Thus these cross-correlations provide
a clean measurement of the relation between luminous matter and dark matter. Cross-correlations between
independent surveys are also more robust against details of selection functions or spatially inhomogeneous
noise that could add spurious power to auto-correlations. Additionally, while CMB lensing maps are projected
along the line-of-sight, galaxy redshift surveys provide information about the line-of-sight distance; thus
cross-correlating redshift slices of galaxy populations allows for tomographic analysis of the CMB lensing
signal (see, e.g., [534], [535]). These benefits can lead to improved constraints on cosmology: for example,
with LSST galaxies, it has been shown that including cross-correlation with CMB lensing can substantially
improve constraints on neutrino masses [298].

CMB lensing was first detected using such a cross-correlation [536, 537]. Since these first detections, cross-
correlation analyses have been performed with tracers at many wavelengths, including optically-selected
sources [538, 539, 540, 534, 541], infrared-selected sources [538, 542, 543], sub-mm-selected galaxies [544],
and maps of flux from unresolved dusty star-forming galaxies [545, 546, 547, 548].

These cross-correlations between CMB lensing and galaxy clustering have already been used to test key
predictions of general relativity, such as the growth of structure [534] as a function of cosmic time, and the
relation between curvature fluctuations and velocity perturbations [541]. Cross-correlations using CMB-S4
lensing data will enable percent level tests of general relativity on cosmological scales (see the Dark Energy
Chapter for futher details).

On the timescale of the CMB-S4 experiment, a number of large surveys are expected be concurrent or
completed, including DESI, WFIRST, Euclid, and LSST. Due to the high number density of objects detected,
wide area coverage, and accurate redshifts, the precision of cross-correlation measurements with these surveys
will be much higher than those performed to date. For example, the amplitude of cross-correlation between
the CMB-S4 convergence map and the galaxy distribution from LSST is expected to be measured to sub-
percent levels.
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Figure 6. The impact of baryons on the total matter power spectrum
(!2

hydro/!
2
DMO) in Horizon-AGN (solid black) and Horizon-noAGN (dashed

black) compared to the results of other cosmological simulations at z = 0.

simulations vary in the numerical technique implemented, volume,
resolution, and sub-grid recipes adopted for baryonic physics pro-
cesses. In this section, we discuss how their results compare to
Horizon-AGN. Fig. 6 shows a comparison of the fractional impact
of baryonic processes on the total matter power spectrum from
different simulations at z = 0: the OverWhelmingly Large Simu-
lations (van Daalen et al. 2011, we refer here to the ‘AGN’ run of
OWLS which adopts a WMAP7 cosmology), the EAGLE simula-
tion (Hellwing et al. 2016), Illustris (Vogelsberger et al. 2014), and
IllustrisTNG (Springel et al. 2017). The result from Horizon-
noAGN is also shown for reference, in which case there is an
enhancement of power due to efficient cooling of the gas, rather
than a suppression of power. For reference, the simulation volumes
are as follows: OWLS and Horizon are 100 Mpc h−1 on each side;
EAGLE, 100 Mpc on a side; Illustris, 75 Mpc h−1 on a side and the
IllustrisTNG runs are 100 and 300 Mpc on a side for ‘TNG100’ and
‘TNG300’, respectively.

While the qualitative behaviour of all simulations is similar, with
a suppression of power due to the effect of AGN feedback on the gas
at k ∼ 10 h Mpc−1, the exact scale and strength of the suppression
differ between them. Illustris shows the largest amount of suppres-
sion, reaching over 30 per cent at scales of k ∼ 5 h Mpc−1. This
simulation is calibrated to match the overall observed star forma-
tion history of the Universe, but despite this calibration, their radio
mode of AGN feedback is known to be too aggressive, resulting in
lower than observed gas fractions inside of massive haloes (Haider
et al. 2016).

The OWLS ‘AGN’ run used by van Daalen et al. (2011) was cal-
ibrated to match the M–σ relation (Booth & Schaye 2009; Schaye
et al. 2010), similarly to Horizon-AGN, but differs in other sub-grid
recipes (e.g. stellar initial mass function, stellar feedback prescrip-
tion, black hole seeding, and thermal quasar AGN feedback for all
accretion rates) and the numerical method implemented (smoothed-
particle-hydrodynamics). McCarthy et al. (2010) have shown that
this OWLS run reproduces the fraction of gas in massive haloes and a
further exploration, varying some of the sub-grid parameter models
for the AGN feedback implementation, was performed by McCarthy
et al. (2011) and Le Brun et al. (2014). This is further discussed in
Section 6. At z = 0, OWLS predict significantly more suppression
than Horizon-AGN, exceeding 20 per cent at k ∼ 10 h Mpc−1. The
impact of baryons in the case of OWLS is not as strong as in the

Illustris simulation. This model has been widely used in the liter-
ature for cosmic shear data analysis (Mead et al. 2015), including
recent cosmic shear survey results (Harnois-Déraps et al. 2015;
Joudaki et al. 2017; Krause et al. 2017), and also for forecasting the
performance of future surveys (Semboloni et al. 2011; Semboloni
et al. 2013; Eifler et al. 2015).

The EAGLE simulation (Schaye et al. 2015) is a smoothed-
particle-hydrodynamics simulation with similar volume to Horizon-
AGN and full baryonic physics implementation. In this case, the
simulation was calibrated to match the relation between stellar mass
and halo mass, the present-day stellar mass function of galaxies
and galaxy sizes. EAGLE predicts that the impact of baryons on
the matter power spectrum is predominant at scales smaller than
in Horizon-AGN, Illustris, or OWLS. The difference in the pre-
ferred scale of suppression is particularly relevant to cosmic shear
surveys adopting a cut on small scales in their analysis (Krause
et al. 2017) instead of a marginalization strategy (Joudaki et al.
2017).

Springel et al. (2017) recently presented an analysis of the impact
of baryons on the clustering of galaxies and matter in the Illus-
trisTNG simulations. IllustrisTNG is a set of cosmological simula-
tion boxes with different volumes and physics implementations, and
we are interested here in the comparison to the baryonic and DMO
runs. IllustrisTNG implements an updated AGN feedback recipe
compared to the previous Illustris runs (Weinberger et al. 2017),
among other changes (including SN feedback modelling). Their
new AGN sub-grid model includes a different approach of radio ki-
netic feedback mode compared to Illustris, which one is very similar
to the one implemented in Horizon-AGN (Dubois et al. 2012) but
with an isotropic momentum/energy injection (IllustrisTNG) in-
stead of being jet-like shaped (Horizon-AGN). In Fig. 6, we show
the impact of baryons on the total matter power spectrum from Illus-
trisTNG100 and IllustrisTNG300 at z = 0 as obtained by Springel
et al. (2017). The new IllustrisTNG runs show significantly lower
impact of baryons on the distribution of matter, with a reduction of
the overall amplitude of the effect and a restriction to smaller scales
compared to Illustris. The IllustrisTNG300 results are similar to
those obtained by EAGLE, despite different numerical methods
and sub-grid physics implementations. The discrepancy between
IllustrisTNG100 and IllustrisTNG300 is attributed to differences in
resolution and box size.

Compared to Horizon-AGN, the IllustrisTNG simulations present
enhanced suppression of the total matter power spectrum and a dis-
placement of the peak of the suppression towards small scales at z =
0. Springel et al. (2017) and van Daalen et al. (2011) also presented
results at higher redshifts for IllustrisTNG and OWLS, respectively,
which allows us to compare the redshift evolution across these simu-
lations in Fig. 7. Compared to Horizon-AGN, the redshift evolution
is much more dramatic in OWLS and IllustrisTNG from z = 3
to z = 0. The Horizon-AGN total matter power spectrum already
shows signs of suppression at z = 3 due to AGN feedback (see
discussion in Section 5.2), while IllustrisTNG only shows signs of
gas cooling and adiabatic contraction at this redshift. IllustrisTNG
undergoes a rapid redshift evolution towards z = 0, overtaking the
suppression found in Horizon-AGN. In Fig. 7, we have limited our
results to the redshift range of interest to weak lensing surveys and
to the range limited by the convergence time-scales of galaxy stel-
lar populations. A comparison between OWLS and Horizon-AGN
at higher redshifts yields a similar suppression at z # 3.8, while
the two simulations start deviating at even higher redshifts, with
the suppression in OWLS becoming smaller while it increases in
Horizon-AGN.
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FIG. 1. The e↵ect of baryonic feedback on the CMB lensing power spectrum. The curves show the ratio of the baryonic
and the dark matter only (DMO) lensing power, and various colors represent the di↵erent baryonic simulations used. All
curves experience a suppression of varying degree, depending on the prescription of AGN feedback used in the simulations.
OWLS-AGN (dash-dotted line) has the maximum suppression of about 17% deviation from its DMO counterpart. Error bars
from forecasts of Stage III, Stage IV and CMB-HD experiments are shown in the zoomed-in frames. From ` = 500 to 3000
(left frame), Stage III error bars completely mask the e↵ects of baryonic feedback, while Stage IV error bars suggest that the
higher-prescribed baryonic feedback models will be just barely detectable. In the range accessible to CMB-HD (right frame),
the error bars suggest that all baryonic models presented here will be strongly detected. (Simon: In figure legend, should
change “BAHAMAS-AGN” to “BAHAMAS”)

To quantify the deviation due to baryons in a single
number, which does not depend on the binning scale for
the error bars, we define the e↵ective change in the chi-
square statistic that would be obtained if neglecting the
impact of baryons:

��
2

bary
=

X

`

✓
�C


`

�`

◆2

(6)

where �C

` is the di↵erence between the “true” CMB

lensing power spectrum including baryonic e↵ects, and
the dark matter only “fiducial” lensing power spectrum
that does not: �C


` = C


` |bary�C


` |DMO. This quan-

tity can be considered as the overall ”signal to noise ra-
tio” of the e↵ect of baryons for a given survey. We show

the resulting values for
q

��
2

bary
in Table I, for each pair

of simulation and survey.
In the range ` = 500 to ` = 3000, Stage III error bars

are so large that baryonic e↵ects from all simulations are

nearly insignificant, with at most a
q
��

2

bary
⇠ 1. On

the other hand, with Stage IV errors, simulations with
higher prescriptions of AGN feedback can become more

important, with
q
��

2

bary
⇠ 6.3.

In the range ` = 10000 to ` = 38000 where CMB-HD

Simulation Stage III Stage IV CMB-HD

OWLS-AGN 0.67 4.0 50

BAHAMAS 0.61 3.5 33

BAHAMAS-LowAGN 0.34 2.0 23

BAHAMAS-HighAGN 1.1 6.3 45

Horizon-AGN 0.13 0.79 23

IllustrisTNG100 0.083 0.50 12

IllustrisTNG300 0.014 0.088 4.6

TABLE I.
q

��2
bary values for each simulation, yielding the

e↵ective “signal to noise” for the impact of baryons, summed
over all bandpowers.

will be most sensitive, all of the simulations suggest that
the baryonic e↵ects due to AGN feedback are strongly
observable up to at least ` = 17000 (IllustrisTNG300)
and at most ` = 36000 (OWLS-AGN), beyond which the
statistical error blows up. At the angular scales where
the precision is highest, di↵erent simulations have devia-
tions that vary in their significance: from 4.6� deviation
for IllustrisTNG300 to > 12� deviations for most of the
remaining simulations. OWLS-AGN shows the highest
deviation from its corresponding DMO simulation, with
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(due to long neutrino free-streaming length)
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• Forecasts*

• Model ignores baryonic effects

• True baryonic effects given by 
simulation

• Neutrino mass sum can be 
biased high by 1-2 σ!
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• We put forward three mitigation 
methods:

• 1. Reduce Lmax

• 2. Subtract a low-z lensing 
survey (LSST) as a ‘baryon 
proxy’

• 3. Marginalize baryonic effects 
with a prescription (Mead+15)

0 50 100 150 200
M∫[meV]

(Lmax = 3100)
baryonic parameters

Marginalization over

Shear subtraction
and Lmax reduction

(Lmax = 1000)

Shear subtraction
(Lmax = 3100)

Lmax reduction

(Lmax = 1000)

No mitigation
(Lmax = 3100)

S4; æprior(ø ) = 0.002

Results: 1.&2. or 3.  
render biases negligible. 

1.

2.

1.&2.

3.
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