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The Primordial CMB
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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
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Surveys

- 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)
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Credit Sigurd Naess, ACTPol team
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Rough experimental timeline
2023 Mid-late 2020s
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CMB experiments
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SZ effects

CMVB
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*  motion

Figs: Mroczkowski++ review article 2019
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Thermal SZ Kinetic SZ

Fig: Websky |mulat|ons z<45 b s,
Stein, Alvarez, Bdnd| AvE, Battaglia 2019 iisi. J‘é‘

{SZ « |din, T, KSZ o |din, 2o

C

electron « temperature electron
density P density
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Thermal SZ Kinetic SZ

- Stacking on galaxy samples allows for mapping
of ionized gas (Circumgalactic medium)
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Thermal SZ Kinetic SZ

- Stacking on galaxy samples allows for mapping
of ionized gas (Circumgalactic medium)
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Thermal SZ Kinetic SZ

- Stacking on galaxy samples allows for mapping
of ionized gas (Circumgalactic medium)

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

* Recent results show surprisingly strong
feedback

I Alexander van Engelen, ASU



Thermal SZ

Kinetic

SZ

e
. »
<R e
o T by |
»
- y - -
» -
, LS,
6 [arcmin] _ 6 [arcmin]
& 0.0 0.5 1.0 1.5 = 0.0 0.5 1.0 1.5
S | | | S | | |
x 0 025_ BAHAMAS X —— BAHAMAS
- BAHAMAS High AGN © 0.4 — — BAHAMAS High AGN
© BAHAMAS Low AGN S —— BAHAMAS Low AGN . A
g 0.020 - Battaglia H —-=—- Battaglia ,,/ ‘
‘I” EAGLE A N EAGLE e
N — - IllustrisTNG-300 b 0.3 —- lllustrisTNG-300 -
N CMB-54 + DESI/BOSS = X CMB-S4 + DESI/BOSS
o SO Baseline + DESI/BOSS a # SO Baseline + DESIBOSS /7 .
1 H c A AL
S ! 0.2 ; pee
— ] | [
g 0.010 : g ! =
@ : o : .
Z 5 0.1 5
© 0.005— ' L0 s
> > L
= By =] 47 =
@© / © e - — .
2 (z=1.01ogMyu=13.0 S/N=417 2 1 (2=1.01ogMz00=13.0 S/N=49.1) .
£ 0.000 : £ 0.0 1 T T T '
2 0.0 1.0 2 0.0 0.2 0.4 0.6 0.8 1.0
r{Mpc] -
LR - s, N
- ’ . 4 4
. ol " 2~ e T :
S S R R

CMB-S4 DSR
Report

Future possibilities:
CMB-S4 stacked on DESI

I 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

I Alexander van Engelen, ASU



Oriented stacking

Unoriented Stacking
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Oriented stacking

Unoriented Stacking
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Oriented stacking

Unoriented Stacking
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Oriented stacking
Results
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e Shown: “bowtie” extending to large distances - cluster environment
e Decompose result into angular multipoles & compare with mocks

e 8-100 significance for m > 0; signature of beyond-GRF by 6o
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Patchy Screening
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Patchy Screening

T map from WebSky, z<3 - -

T X Jdl n, Yasini+
AstroPaint

I Alexander van Engelen, ASU



Patchy Screening

* T reconstruction idea: -_—rerT—
low var(T) = 1t >0 v

T map fromA‘Web'Sky,' z<3

T X J‘a,’lne
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Patchy Screening

e T reconstruction idea:
low var(7) = 1>0

e Quadratic estimator originally
developed for reionization at z~10

T map fromA‘Web'Sky,' z<3

T X J‘a’lne
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Patchy Screening

* T reconstruction idea: e |

low var(T) = 1>0 ~
e Quadratic estimator originally R RN AT

developed for reionization at z~10 . AR LR,

Dvorkin & Smith 2009

e Can also apply this idea to CGM

halos atz<3 _. a Lo B
Feng & Holder 2018 B T T
Roy, AVE, Gluscevic, Battaglia 2022 L : .
Schutt, Maniyar, Schaan, Coulton, Mishra 2024 : '

T map fro‘m"Web'Sky,' z<3- -
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Patchy Screening

T reconstruction idea:
low var(7) = 1>0

Quadratic estimator originally
developed for reionization at z~10

Can also apply this idea to CGM
halos at z< 3

First measurement reported by
ACT team with unWISE at z < 1
(currently under review)

T map fromi‘WebSky,' z<3- -

T X J‘a’lne
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Relonization
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Redshift
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e Duration? Morphology?
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Reionization forecasts with the CMB

Spectrum Type

Reionization Probe

Example Reference(s)

Forecasted “S4” SNR Range

Auto-spectra

(Txsz X Txsz) Raghunathan & Omori (2023) ~ 70 — 800
(K x K) Smith & Ferraro (2017) ~ 1000
(T x T) Dvorkin & Smith (2009), Jain et al. (2024) ~2—30
(y X y) Sun et al. (2024) ~ 30

K ~ (ATisy)”
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K ~ (ATisy)”

Kramer, AvE, Cain, MacCrann, ++ 2025
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Reionization forecasts with the CMB

Spectrum Type

Reionization Probe

Example Reference(s)

Forecasted “S4” SNR Range

(Txsz X Txsz) Raghunathan & Omori (2023) ~ 70 — 800
A (K x K) Smith & Ferraro (2017) ~ 1000
uto-spectra
(T x T) Dvorkin & Smith (2009), Jain et al. (2024) ~2—30
(y X y) Sun et al. (2024) ~ 30
(1 X To1) Meerburg et al. (2013) ~ 100
(K X To1) Ma et al. (2018) ~ 500
Cross-spectra (T X KcMB) Feng & Holder (2019), Bianchini & Millea (2023) ~ 10 — 220
(T X y) Namikawa et al. (2021b), Remazeilles et al. (2024) ~2—-"To
(6g X y) Baxter et al. (2021) <20
(K X dg) La Plante et al. (2022) ~4—1lo

K ~ (ATisy)”

* K: relatively strong, but large temperature foregrounds

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

« What about Kx t7?

Kramer, AvE, Cain, MacCrann, ++ 2025
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Cross-correlating the patchy screening and kinetic Sunyaev-Zel’dovich effects as a new probe of
reionization

DARBY M. KRAMER,! ALEXANDER VAN ENGELEN,! CHRISTOPHER CAIN,' Ni1ALL MACCRANN,? Hy Trac,>*
SKYLAR GRAYSON,' EVAN SCANNAPIECO,' AND BLAKE SHERWIN?

arXiv, submitted to ApJ

Darby Kramer (ASU)
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Reionization T and kSZ signals

Forming power spectra
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Reionization T and kSZ signals

Forming power spectra
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Reionization T and kSZ signals

Forming power spectra
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Reionization T and kSZ signals

Forming power spectra
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Reionization T and kSZ signals

Forming power spectra
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Reionization T and kSZ signals

Forming power spectra

T ~ Op

ATysz
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Reionization T and kSZ signals

AMBER mocks Trac++ 2022, Chen++ 2023
https://qgithub.com/hytrac/amber
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Reionization T and kSZ signals

K(n) with T(A) contours

&6\)@ , 3 =7

Kramer, AVE, Cain, MacCrann, ++ 2025
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Reionization T and kSZ signals

K(n) with T(A) contours
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Reconstructed K using the
AMBER patchy kSZ maps
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Reionization T and kSZ signals

K(n) with T(A) contours
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Reionization T and kSZ signals

K(n) with T(A) contours
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Reionization T and kSZ signals

Reconstructed K using the
AMBER patchy kSZ maps

- K = VVf”t(ATksz)Z, Slmllal’ tO
CMB lensing reconstruction

- Kand Tt are ~50% correlated :”'ig = §O @3 .
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Detectability of reionization K x T
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Kx T Takeaway:

K x T 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 C; ™™

- Not as FG contaminated as C KK

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

tracer
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CMB lensing

e CMB is at a known, single z - behind everything

e Statistical properties completely understood
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AdvACT DRG6 lensing convergence maps
Qu++(ACT) 2023, Madhavacheril++(ACT) 2023, MacCrann++(ACT) 2023

All matter in the
Universe, including dark
Frank Qu (Stanford) matter, in prOjeC’[ion
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AdvACT DRG6 lensing convergence maps
Qu++(ACT) 2023, Madhavacheril++(ACT) 2023, MacCrann++(ACT) 2023

All matter in the
4 Universe, including dark
Frank Qu (Stanford) matter, in prOjeC’[ion

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

33— Yogesh Mehta (ASU)
g ACT lensing x Planck CIB
; in prep
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Recent CMB lensing measures
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CMB-S4 forecast (early 2030s)
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The path to 0.2% precision
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The path to 0.2% precision

i Ry
et AR |
CMB map Lensing map Lensing power spec.

e Foregrounds cause ~5% biases if untreated

e Baryonic effects (AGN/SN Feedback) are uncertain and will be
non-negligible

e Current lensing estimators will not be good enough for S4
precision - need new estimators

I Alexander van Engelen, ASU
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Lensed CMB power spectrum
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Lensed CMB power spectrum

* Mid-Il: “peak smearing”

*High-ell: directly traces ¢
power spectrum

11+ 1)C® /2muK?

ACP/CP
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Lensed CMB power spectrum

* Mid-Il: “peak smearing”

*High-ell: directly traces ¢
power spectrum

11+ 1)C® /2muK?
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Lensed CMB power spectrum

* Mid-Il: “peak smearing”

*High-ell: directly traces ¢
power spectrum

11+ 1)C® /2muK?

=TT 1
Cis2000 = §<|VTL|2>€ZC§§¢ + Gy, .

-But VT varies from
patch to patch!

ACP/CP
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The SCALE estimator

Small-correlated-against-large estimator for the lensing
of the cosmic microwave background

Victor C. Chan ,1 Renée Hloiek,z’1 Joel Meyers ,3 and Alexander van Engelen 4

PRD 2024

SCALE at Scale: Cosmological applications of small-scale CMB lensing

Victor C. Chan,? Renée Hlozek,>! Joel Meyers,? and Alexander van Engelen*

ArXiv 2024, PRD submitted

Victor Chan
U of Toronto ->
SMU
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The SCALE estimator

Unlensed
| b A
e 3 1
W " . e i
T | o
1
. i | {rl
______________ L L T

I Alexander van Engelen, ASU




The SCALE estimator

Unlensed

A

£ < 3000
Large features

6000 < £ < 8000
Small features

Chan, Hlozek, Meyers, AVE (2023, 2024)
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Lensing field K
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The SCALE estimator

Unlensed

Lensing field K
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Rl - ) AN g w3

£ < 3000
Large features

6000 < £ < 8000

Small features

Chan, Hlozek, Meyers, AVE (2023, 2024)
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The SCALE estimator

*Look for correlation
between CMB gradient
squared and small-scale
pixel variance

1) T'#

Low-pass _—
Gradient —

(3)
High-pass
Gradient

v

(6)
l Normalize with Aj
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The SCALE estimator

Results w/ S4-like Noise

x 1024

—_
-]

AL
U, = A;C)

- -

O Ot

Strength of correlation with
short wavelengths (lensing)

|
-
&

0 500 1000 1500 2000

L Scale of (long-wavelength) gradient variation

I Alexander van Engelen, ASU



The SCALE estimator

Results w/ S4-like Noise
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The SCALE estimator

Results w/ S4-like Noise
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The SCALE estimator

Results

- 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
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Lensing cross-correlations

Mass (k) map from CMB observations Mass map (k) from galaxy observations

ms#\“
2 AW

DES
collaboration

ACT collaboration, Darwish et al. 2020 Jeffrey et al. 2021

Shaikh, Harrison, AVE, Marques++ (ACT & DES) 2024
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Lensing cross-correlations

Mass (k) map from CMB observations Mass map (k) from galaxy observations

DES
collaboration
Jeffrey et al. 2021

ACT collaboration, Darwish et al. 2020

Dark Matter map from DES observations

ACT-DR4+ Planck(tSZ free) x DES-Y3

6
. (Bin 1, Zumean = 0.336) (Bin 2, Zimean = 0.521] Bin 3, Zumean = 0.742] Bin 4, Zyean = 0.964] Shabbir
z Y Shaikh
x 3 } (ASU)
0 -"{';'f"i"i"f"'f _________ +_ ______ f ___*___.+ ___________________________
~1o 500 102)0 1500 2000 0 500 10{90 1500 2000 0 500 10690 1500 2000 0 500 10{90 1500 2000 ¢ lan Harrison
* ldea: use CMB as highest redshift source plane for lensing (el
+ DES-Y3 shear x ACT DR4 k: matter fluctuation amplitude to 6%
Gabriela
* Looking forward to 2% with ACT DR6 Marques
(Fermilab)

Shaikh, Harrison, AVE, Marques++ (ACT & DES) 2024
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2. Scattering effects: ionized gas

- Oriented tSZ stacking - new way of looking at gas
connection with large-scale structure (Lokken++)

- Patchy screening and kSZ- new estimator for
reionization with the CMB (Kramer++)

3. CMB lensing: dark matter

- State of the art: ACT & SPT, Simons Observatory,
CMB-S4 - Headed to neutrino mass measurement?

Oriented tSZ stacking
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S U mm a ry Oriented tSZ stacking

1. The CMB as a backlight - Lots to be discovered

2. Scattering effects: ionized gas

- Oriented tSZ stacking - new way of looking at gas
connection with large-scale structure (Lokken++)
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- Patchy screening and kSZ- new estimator for
reionization with the CMB (Kramer++)

3. CMB lensing: dark matter

- State of the art: ACT & SPT, Simons Observatory,
CMB-S4 - Headed to neutrino mass measurement?

- New lensing estimators - Measure correlations
between gradient and CMB small-scale power
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S U mm a ry Oriented tSZ stacking

1. The CMB as a backlight - Lots to be discovered

2. Scattering effects: ionized gas

- Oriented tSZ stacking - new way of looking at gas
connection with large-scale structure (Lokken++)
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- Patchy screening and kSZ- new estimator for
reionization with the CMB (Kramer++)

3. CMB lensing: dark matter

- State of the art: ACT & SPT, Simons Observatory,
CMB-S4 - Headed to neutrino mass measurement?

- New lensing estimators - Measure correlations
between gradient and CMB small-scale power
(Chan++)

- Cross correlations between optical and CMB lensing
(Shaikh, Harrison++)
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SZ effects
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Thermal SZ Kinetic SZ
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Kinetic SZ

ik C
Cosmology from velocities - Astrophysics from electron
large scales gas distributions - small
e Growth rate, neutrino mass scales
e Remote dipoles e AGN feedback/energetics
e Modified gravity e Baryon cycle

e Primordial non-Gaussianity
from scale-dependent halo
bias

But we always measure the product
Must assume one to get the other
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Kinetic SZ

e 100-10000 measurements coming!

k= * Most detection methods are from
* <V|onggshorthhort> biSpeC’[rum Smith+2019
ets®
Galaxy «305\1
Galaxy : :
(velocity) kSZ

Fig: Mat Madhavacheril
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Kinetic SZ

e 100-10000 measurements coming!

e Most detection methods are from
<V|onggshorthhort> biSpeC’[rum Smith+2019

Galaxy
4.'
Galaxy
(velocity) kSZ
Fig: Mat Madhavacheril

E.g. velocity-weighted stack of Tcms on galaxies:
<Viong Jshort T short>

And since Tk82= VIong/C * Tshort.
<Viong Jshort [ short> ~ <ViongJlong=><OshortTshort>

Astrophysics Cosmology

Radial
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Compton scattering - higher order

S
Of = /dxneaTae_TS,

2.5

m= CMB & kSZ
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SZ effects

tSZ y= / dxaor (n f,f . >

pressure ( = density * temperature)

KSZ  Oxsz = / dyaor (n) (%n)

density * l.o.s. velocity

tksz = [dxaor (0225 ) (¥ o)

pressure * |.o.s. velocity
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tkSZ power spectrum and noise
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Coulton, Ota, AvE 2019

e tkSZ has a unique
spectral signature -
can be isolated

Component |Spectral dependence| Spatial dependence
CMB +kSZ x 3G cP®

tSZ x 3y cyY

CIB o VPCIB B (Tcig) |AS™ + Ac(¢/0.)>cte
Radio o pPRadio ARadio(£/£.)*Radio
Galactic Dust| oc vPPust B, (Thust) Apust (£/0;)Pust
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tkSZ-galaxy-galaxy bispectrum
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tkSZ-galaxy-galaxy bispectrum

Just like kSZ but replace ne with pe

Radial

e
309\‘6(6
<<

Galaxy s
Galaxy
(velocity) tksZ
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tkSZ-galaxy-galaxy bispectrum

- Just like kSZ but replace ne with pe
x
e85
Galaxy s «3‘\8
Galaxy
(velocity) tkSZ

E.g. velocity-weighted stack of Tcms on galaxies:
<Vlong Jshort Ushort>

And since T= VIong/C * pshort:
<Viong Jshort Ashort>> ~ <VliongJlong=><UshortPshort=

Cosmology Astrophysics
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tkSZ-galaxy-galaxy bispectrum
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102

Together with DESI:

e 20 with CMB-S4 +
CCAT-p

e 80 with PICO
e 80 with CMB-HD

No bias from tSZ/CIB
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tkSZ-galaxy-galaxy bispectrum

e Fundamental cosmology with tkSZ?
Signal is weaker than kSZ, but:
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tkSZ-galaxy-galaxy bispectrum

e Fundamental cosmology with tkSZ?
Signal is weaker than kSZ, but:

e No degeneracy with (g)astrophysics — pe profiles
much better known than ne profiles
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tkSZ-galaxy-galaxy bispectrum

e Fundamental cosmology with tkSZ?
Signal is weaker than kSZ, but:

e No degeneracy with (g)astrophysics — pe profiles
much better known than ne profiles

e (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 M,

P Dark Matter Only (DMO)
I—?—|
P OWLS-AGN
e BAHAMAS
I—;—o—|
: ———— BAHAMAS-LowAGN
find significant 5 5
e We find signifi § —
. . g '—°—' BAHAMAS-HighAGN
dispersion for Stage 1V, T
. l—°—| Horizon-AGN
esp. with CVL tau T
——s— Ilustris-TNG100
.
I—:O—I
P Ilustris-TNG300
I—?—|
%
g — Stage IV, oy (7) = 0.002
3 i Stage IV, opie (1) = 0.006
j” ; i Stage III, oy, (7) = 0.006
i i | |
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Chung, Foreman, AvE 2019
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Baryons & CMB lensing

1.4 1 — Horizon-AGN ,"
-=-- Horizon-noAGN /
1.31 — owLs /
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5
e Baryons (AGN/SN feedback; I 1.29  mustwisTNG100 modelling
c . . ¥ —— IlustrisTNG300 J ;
cooling/star formation) will > 11 naae uncertainty
impact matter power spectrum. ijo 1.07
. 0.9]
e Different simulations give = 0.8
different results. £ 0.7
f OO 6T 00 1ot

K [h/MpC] Chisari++2019

—— LSST kernel W(z) 1
- = LSST source location M
—— CMB kernel W(z)

- = CMB source location

e Abig issue for cosmic .,
shear at z< 1. Impact o
on CMB lensing at

e

10* 102 10°

Redshift

higher z?
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Baryons & CMB lensing
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Clara Chung, Simon
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Ugrad Perimeter

Chung, Foreman, AvE 2020

github.com/sjforeman/cmblensing _baryons
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Baryons and Neutrino Mass

Higher M, === Slower growth of grav. potentials
(due to long neutrino free-streaming length)

v

Suppressed lensing signal
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Baryons and Neutrino Mass

—a—

P Dark Matter Only (DMO)
» *—°—* OWLS-AGN
e Forecasts” —
|—°—|
. . » ———e—  BAHAMAS
e Model ignores baryonic effects -
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p——

e True baryonic effects given by 5 :
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Chung, Foreman, AvE 2020
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Baryons and Neutrino Mass:
Mitigation

Fiona Simon
McCarthy, Foreman,
Perimeter PhD  Perimeter McCarthy, Foreman, AvE 2021
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Baryons and Neutrino Mass:
Mitigation

e We put forward three mitigation
methods:

ol ©
Fiona Simon
McCarthy, Foreman,
Perimeter PhD  Perimeter McCarthy, Foreman, AvE 2021
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Baryons and Neutrino Mass:
Mitigation

e We put forward three mitigation
methods:

e 1. Reduce Lmax

ol ©
Fiona Simon
McCarthy, Foreman,
Perimeter PhD  Perimeter McCarthy, Foreman, AvE 2021
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Baryons and Neutrino Mass:
Mitigation

e We put forward three mitigation

methods:

e 1. Reduce Lmax

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

Fiona \ Simon
McCarthy, Foreman,
Perimeter PhD  Perimeter McCarthy, Foreman, AvE 2021
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Baryons and Neutrino Mass:
Mitigation
e We put forward three mitigation
methods:

e 1. Reduce Lmax

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

e 3. Marginalize baryonic effects
with a prescription

: i
Fiona Simon
McCarthy, Foreman,
Perimeter PhD Perimeter
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Baryons and Neutrino Mass:
Mitigation .. ..

e We put forward three mitigation .
methods: --_0.—__._ No mitigation
& (Liax = 3100)
e 1. Reduce Lmax o
2= |
e 2. Subtract a low-z lensing { ®e T reduction
‘ : —— Linax = 1000
survey (LSST) as a ‘baryon + )
proxy’ .
i ] ] 2. —'_FO.—_.__ Shear subtraction
e 3. Marginalize baryonic effects = = 3100
with a prescription ;
e Shear subtraction
—— and L., reduction
— max
1822 Mo
—:0— Marginalization over
——
P 3. o baryonic parameters
—:—' (Lmax = 3100)
Fiona . Simon e .................
McCarthy, Foreman, 0 20 ﬁ [me\}fo 200

Perimeter PhD  Perimeter McCarthy, Foreman, AvE 2021
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