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Abstract: Information about the late-time Universe is imprinted on the small scale CMB as photons travel to us from the surface of last sca
Several processes are at play and small scale fluctuations are very rich and non-Gaussian in nature. | will review some of the most importar
and | will focus on the Sunyaev-Zel'dovich (SZ) effect and gravitational lensing. | will discuss how a combination of measurements can
velocity fields at cosmological distances and inform us on cluster energetics. | will also show recent measurements of weak lensing of the ClI
how they can help us interpret intriguing discrepancies in cosmological parameters between the high and low redshift Universe.
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Cosmic shadows and cosmic structures

the CMB as a Large-Scale Structure experiment
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Cosmology from the primary CMB
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Cosmology from the primary CMB
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The CMB is so much morel

Dark Energy
Accelerated Expansion
Afterglow Light ;

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

credit: WMAP

Simone Ferraro (LBNL)
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Thanks to
scattering and
lensing, it is @
map of the

“whole”

observable

vniverse®

*If you have good
enough resolution!
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ACTmaps [DRS) iy
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Louis+ACT collaboration 16
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Photons interact with mafter -

m Gravitational: CMB lensing, gravitational redshift, Integrated

Sachs-Wolfe effect, "moving lens”, time delay, ... Manggoﬁxsaouw_q_

HOT
CLUSTER
GAS

m Scattering (Thomson/Compton scattering):
m Thermal Sunyaev-Zeldovich (1SZ),

i ENERGETIC

ELECTRON
m Kinematic Sunyaev-Zeldovich (kSZ),
m Paftchy screening and scattering, ...
= (Emission from late time matter): starlight, IR emission from dust, :
free-free, synchrotron, AME, ... ) } MICROWAVE Somon

R
y% OESERVER

Simone Ferrarc (Berkeley)
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This talk

Part I: Imaging the gas with the CMB as a backlight

Part ll: CMB lensing cross-correlations and high-
redshift, low redshift discrepancies

Simone Ferraro (LBNL)
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e/l
Imaging the gas with the CMB as a backlight

With Emmanuel Schaan, Stefania Amodeo, Nick Battaglia + ACT tfeam
& Kendrick Smith

Simone Ferraro (LBNL)
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The kinematic SZ (kSZ) effect -

CMB Photons gO|OXy mov'”g JfOWCIrdS us

Free electrons in galaxies 2 Thomson
scattering of CMB photons

Tustration: Poimecowean, Douspis, Aghanim. credits: ESZ-HFI/LFl consortia

Blue shifted CMB photons

Simone Ferraro (LBNL)
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The kinematic SZ (kSZ) effect -

CMB Photons gO|OXy mOV|ng fOWCII’dS usS

Free electrons in galaxies 2 Thomson
scattering of CMB photons

Galaxies move in cosmic velocity fields >
Doppler shift due to motion

Ilystration: Pointecouteau, Douspis, Aghanim. credits: ESZ—HF1/T FI consortia

AT U

7 kSZ Ci
Blue shifted CMB photons column density radial
of electrons velocity

Simone Ferraro (LBNL)
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The kinematic SZ (kSZ) effect -

CMB Photons gO|OXy mOV|ng TOWCII’dS usS

Free electrons in galaxies 2 Thomson
scattering of CMB photons

Galaxies move in cosmic velocity fields >
Doppler shift due to motion

Ilystration: Pointecouteau, Douspis, Aghanim. credits: ESZ—HF1/T FI consortia

AT Ur

Z kSZ Ci
Blue shifted CMB photons column density radial
of electrons velocity

BARYON DISTRIBUTION x COSMOLOGY

Simone Ferraro (LBNL)
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Baryon distribution in galaxies with kSZ n

CMB Photons gOIOXY moving towards us

_,, AT Uy

E Ea ~ o7iNe(0) —

E kSZ C\

“5 ' column density radial
of electrons velocity

Distribution very uncertain - "missing baryon
problem”.

Illpstration: Poimecoutean, Douspiz, Aghanim.

Blue shifted CMB photons
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Baryon distribution in galaxies with kSZ n

CMB Photons galaxy moving towards us

Advantages of kSZ:

Illastration: Fointecoutean, Douspis, Aghanim. credits: ESZ-HFLLFI consortia

Blue shifted CMB photons

Simone Ferraro (LBNL)
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Baryon distribution in galaxies with kSZ n

CMB Photons galaxy moving towards us

Advantages of kSZ:

* Independent of redshift

* Preserves black-body spectrum of CMB

« Linear dependence on the column density
of electrons

« Suitable for “low density” environments
(smaller halos, further out in the outskirts, etc.)

* Independent of temperature and metallicity.

Blue shifted CMB vhotons

(AT%% & —0.1pK X firee (Ma00/10 M) (ve - 72/300 km s77)]

Simone Ferraro (LBNL)
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Baryon distribution in galaxies with kSZ n

CMB Photons galaxy moving towards us

Advantages of kSZ:

* Independent of redshift

* Preserves black-body spectrum of CMB

« Linear dependence on the column density
of electrons

« Suitable for "low density” environments
(smaller halos, further out in the outskirts, etc.)

* Independent of temperature and metallicity.
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Blue shifted CMB vhotons

[ATkSZ ~ —0.1pK X firee (A[200/1013ﬂ..[®) (ve-ﬁ,/BOO km S_l)]

Simone Ferraro (LBNL)
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Baryon distribution in BOSS CMASS “galaxies” n

BOSS CMASS galaxies:

« Number: 1M galaxies

e 04<z<0.7

« Median mass: 2 x 103 M, (galaxy groups)
« Well-understood spectroscopic sample

ACT CMB maps

* High resolution (beam ~ 1.4 arcmin)
 Low noise (factor of 4 smaller than Planck)
« Foreground reduced

Simone Ferraro (LBNL)
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Gas density from kSZ
Comoving radius [Mpc/h| at z =0.55
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E. Schaan, 8. Ferraro, ++ (ACTPol) 2020
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Gas density from kSZ
Comoving radius [Mpc/h| at z =0.55
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E. Schaan, 8. Ferraro, ++ (ACTPol) 2020
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Gas density from kSZ
Comoving radius [Mpc/h| at z =0.55 n

0.83 1.67 2.5
| | | « Large deficit within the
Q o only virial radius 2> “missing
"g gravity baryons problem”
c
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e
—g — Joint best fit profile
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Ryir f90 DR5
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simone Feraro (18N Aperture R [arcmin] E. Schaan, S. Ferraro, ++ (ACTPol) 2020
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The thermal SZ effect (tSZ) n

MICROWAYE RACKGROUND
PHOTON

o tSZ = integrated pressure < N.opT.

e ENERGETIC
= ELECTRON

~10Y

i BLUE SHIFTED
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Temperature

tSZ < NeorT1e

kSZ x Neor

Ratio 152 / kSz o T,

Simone Ferraro (LBNL)
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Thermodynamic information “

Polytropic
index
Fraction of
non-thermal pressure « ~30% non-thermal
| pressure support
Feedback energy
S REANET -
&% ‘ | / \ | « Energy injected ~ 30%
Y 167 2. halo of binding energy
| ' | ' "'-\.,‘ amplitude
I } bt } l? tSZ 2_ha|o
5 | ’ |/ amplitude
< 1t . + . - ‘ 1 ;_‘."I "-._.‘ ! l
<(él.(]i L
1'E‘Url-35 U.z;h',ih - 4&;;:544 lAkz,: D'SAlt':h - Amodeo Battaglia Schaan Ferraro & ACT 20
Simone Ferraro (LBNL) Ostriker Bode Babul 05
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Baryon effects in weak lensing 2

. . . Lensing is Low: Cosmology, Galaxy Formation, or Ne
Calibration of baryon effects in weak Physics? o "
wg_' Alexie Leauthaud!2, Shun Saito?, Stefan Hilbert*®, Alexandre Barreira®, Surhud More?,
* Baryons are ~16% of the mass:

statistically “large” effect on weak [T T

. - Surface density of BOSS CMASS galaxies

lensing I .
« CMB lensing cross-correlations & ' '

galaxy lensing amplitude often R :

“lower” than expected. %

« Larger discrepancy on small scales, = |
the most affected by baryons. & or 1
Q B
w4} 5
|
2 | 1 ' | aal
0.1 1.0 10.0
Simone Ferraro (LBNL) R [Mpc/h]
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Baryon effects: first direct SZ calibration n

Direct SZ calibration:

Use SZ measurements of gas 7 adiin
on the same sample to directly 5|
calibrate

& 7
First example on BOSS CMASS with - \ \/ |
ACT data. Explains ~half of the =7 e il
discrepancy. =, [

i I /R (R I | !

<]
+ work in progress (Ferraro++, 2022) e R A,

v

Next milestone: ACT + DESI (thanks to 3 ey T
ACT-DESI MoU) oo

I T TTTT | I T T TTTT] | T T T T
107! 10° 19t
R[Mpc/h]
Amodeo, Battaglia, Schaan, Ferraro, Moser + ACT (2021)

Simone Ferraro (LBNL)

Pirsa: 22090095 Page 26/49



Cosmology from galaxy weak lensing n

(much simplified!) e e
« Galaxy shear 7Y : P
« Galaxy positions g £ oy 15

3 :'_ o

In a number of redshift bins.
. Can form 3 “2 point functions™: (v7¥), (79), (99) n = :
« Combinedin “3 x 2" analysis . g M’
« Parameter sensitivity v ~ 2,08 g~ 5908 | Wikipedia

Simone Ferraro (LBNL)
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Cosmology from galaxy weak lensing n

(much simplified!) . e
. Galaxy shear 7Y : e
« Galaxy positions g £ e N

3 :'_ 3.5,

In a number of redshift bins.
. Can form 3 “2 point functions™: (v7), (79), (99) n b, = :
« Combinedin “3 x 2" analysis . TR
« Parameter sensitivity v ~ 2,08 g~ 5908 | Wikipedia

Most sensitive “cosmology” quantity  Sg = og VQ,,/0.3

Simone Ferraro (LBNL)
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Some results ~1.5 years ago  Sg = o5 VQ,/0.3 m

- Bl BOSS+KV450 (Troster et al. 2020)
DES Y1 3 x 2pt (DES Collaboration 2018) Planck: N
Bl KiDS-1000+BOSS+2dFLenS 3 x 2pt
199 W Pk TTTEEEE Ss = 0.832 + 0.013 g
. WMAP + BAO: >
3 S/ Sg = 0.8201 £ 0.025 g
| &~ >
" ¥ WMAP + ACT: =
\)b Ss = 0.840+0.030
0.6 . : : KiDS-1000: SO ? @)
5 o o & _ +0.
" Ss = 0.766Z 14 8 E
DES-Y1: . - =
_ +0. O
KiDS-1000 (Heymans et al, 2021) Sg = 0.773Z( 020 0 L
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Can CMB lensing be used 1o test thise n

From CMB lensing alone: Sg = 0.81 £+ 0.1 :
Adding BAO: S, —083+003| CMBlensing

What about cross-correlationse Wish list...

Cross-correlations with
unWISE galaxies

» Ability to isolate redshift information
» Different systematics and techniques

» Similar statistical power to galaxy Iensing}

Simone Ferraro (LBNL)
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Redshift distribution
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Redshift
Krolewski, Ferraro, Schlafly, White (2020), JCAP
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Redshift distribution
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Redshift
Krolewski, Ferraro, Schlafly, White (2020), JCAP
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UnWISE x Planck CMB lensing n

270.5‘ | Zf‘l 'O, | Zﬂ-j1 5 |

|9 0.15 , , 0.50

2 . — Theory

% 10.40

iy |
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Krolewski, Ferraro, Schlafly, White (2020), JCAP

Simone Ferraro (LBNL)
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Cosmological analysis: orief summary n

« Large number of systematic checks
« Theory: Convolution Lagrangian Effective Field Theory (CLEFT)

+ magnification bias N -

« Analysis is blinded to cosmology /
» Tests on mocks £l )
« Marginalize over redshift uncertainty gy .\_
« Subfract “noise bias” i
 Full covariance matrix \ ‘
« Check consistency between samples = D Dot ¥ R

0.90 ¢ j + " f}:{\’\

0.80 |- : + i ] i

: g 2

Simone Ferraro (LBNL)
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