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\ Composition of the Universe

Three main components today:

Dark Matter

- Dark Energy
- Dark Matter

- Baryonic Matter
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#
#
#
#

\ Composition of the Universe

Three main components today:

- Dark Energy (unknown)
- Dark Matter (unknown)

- Baryonic Matter (under
control, right?)

© ESA/Planck
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Missing baryon problem

Location of baryons: WHIM (OVI)
17 4% missin
294157
- Galaxies (stars, gas, etc.)
WHIM (Lyo
14:1:(7% )
- Intracluster and
o 2 2 alaxies
circumgalactic medium Sl

photoionized
(Lya forest)

- Intergalactic medium 28+11%

GM 5+3%

ICM 4+1.35%
© Shull+ 2012 \ cold gas 1.7+0.4%
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P cold Gas: 1.8:0.4 %

B pisks/Halos: 513 %

B ot wHIM: >9 % & <40 %

I Warm WHIM: 15+8 %

missin
29+1357%

galaxies
7+2%

GM 5+3%

ICM 4+1.5%

Stars: 72 7% ICM: 4.0£1.5 %

cold gas 1.7+0.4%

-Ly—a Forest: 28+11 % .
© Nicastro+ 2018
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\ Solving the missing baryon problem (I)

Kinematic
Sunyaev-Zel'dovich
effect
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Solving the missing baryon problem (l1)

Deep X-ray
observations
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\ Solving the missing baryon problem (ll1l)

Thermal
Sunyaev-Zel'dovich
effect

Tanimura+2019

de Graaff+2019
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\ Status of the problem

All these works set constraints on the distribution of cosmic baryons at
either a few specific redshifts or across a reduced number of line-of-sights

A complete picture of cosmic gas at late times is still missing
Methods to detect intergalactic gas:

- Deep X-ray campaigns

- Lyman-a forest

- Thermal Sunyaev-Zel'dovich effect
- Kinematic Sunyaev-Zel'dovich effect (kSZ effect)
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\ Kinematic Sunyaev-Zel'dovich effect ()

free

electron \

photon —

Doppler boosting of CMB

photons as these scatter off free
electrons moving relative to the
CMB rest frame (Sunyaev &
Zel'dovich 1972, 1980) scattered

photon

© Mroczkowski+ 2019
(adapted)
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Kinematic Sunyaev-Zel'dovich effect (l1)

Frequency |GHz

The kSZ effect is sensitive to all
free electrons, independently of
the temperature and density of
their medium

Detecting the kSZ effect is
challenging due to its:
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- Spectral shape
- Amplitude
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ARF-kSZ tomography (l)

ARF-kSZ tomography: cross-correlation of CMB
observations and angular fluctuations in the
galaxy redshift field

Broad window [ ARF sensitive to density field
Narrow window [ ARF sensitive to velocity field
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kSZ effect proportional to
the cosmic velocity field

ARF sensitive to the
cosmic velocity field

Cross-correlation of ARF
and CMB observations to
extract the kSZ effect
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ARF-kSZ tomography (l1)

6y=50h~"Mpc
6,=100h="Mpc
—-= 06,=150h""Mpc
-== 06,=200h"'Mpc

Multipole 7
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18


#
#
#
#

\ Data

CMB observations

Foreground-reduced Planck
temperature maps (all sky):

COMMANDER, NILC, SEVEM,
SMICA, SMICA-NOSZ, SEVEM-100,
SEVEM-143, SEVEM-217

Large-scale structure tracers

6dF galaxies (1 shell, 50% of the sky):
z =0.18

BOSS galaxies (4 shells, 25% of the
sky):z_=0.27,0.42,0.59,and 0.78

SDSS QSOs (11 shells, 25% of the
sky):z_=0.72,0.92,1.2,1.4,1.7,2.1,

2.5,3.0,3.6,4.4,and 5.4 19
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\ Problem: primordial CMB fluctuations

We apply an aperture photometry filter
to CMB observations on the sky
coordinates of each galaxy

This technique removes temperature
fluctuations constant over the filter
aperture, alleviating the contamination
from primordial CMB anisotropies

20
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ARF-kSZ tomography: summary

Map of the Cosmic Microwave Background Map of Galaxy Redshifts
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\ ARF-kSZ tomography: results

BOSS galaxies at z=0.56 SDSS quasars at z=4.03

Chaves-Montero+2021 22
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\ ARF-kSZ tomography: significance

We detect cross-correlation
for most redshift shells and
apertures

6
5
4
3
2

After accounting for
correlations between shells
and apertures, 11.4+1.40
detection of the kSZ effect
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\ Extracting kSZ optical depth

We extract the kSZ optical depth from the cross-correlation of maps:

Yoo CoRFTR2(04p)C, ) (0aP) o

TAP(0AP) =

o

Yoo C5'C (0ap)CS)

- Covariance matrix from the cross-correlation of observed ARF maps
and simulated CMB maps
- C“from linear perturbation theory
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The black (red) dashed line
indicates theoretical
predictions assuming that
100% (50%) of cosmic
baryons contribute to the
signal

Data and predictions show
comparable redshift
evolution
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Redshift evolution of kSZ optical depth
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\ Inferring the properties of kSZ gas

We leverage kSZ optical depth measurements from different apertures
at the same redshift to set constraints on the properties of kSZ gas

Tglp (0ap) =7(0, Oap) — 7 (QAP, HAP\/E) ;

where 7(x,y) = ZO'TFLQ,OHIZ‘% /xy 9d9/dl Agas(7)

Bayesian inference to set constraints on the parameters controlling the

distribution of gas surrounding tracers, Agas(r)
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Properties of kSZ gas
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\ Location and density of kSZ gas

More than 99% of the kSZ
gas resides outside dark
matter halos
I SDSS-GAL
SDSS-QSO
The average density of this G
gas ranges from 10 to 250

times the cosmic average Ml

0.10 0.20 0.50 1.00 2.00 5.00
Redshift z
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\ Abundance of kSZ gas

ARF-kSZ tomography is sensitive to
nearly half of cosmic baryons

L. . . . I SDSS-G
By combining this fraction with that SDSS-Q
in halos, the early and late time - oG

abundance of baryons comes into 0.05  0.10
agreement

0.20 0.50 1.00 2.00
Redshift z
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\ Abundance of kSZ gas

ARF-kSZ tomography is sensitive to
nearly half of cosmic baryons

By combining this fraction with that
in halos, the early and late time
abundance of baryons comes into

0.05 0.10 0.20 0.50 1.00
agreement Redshift z
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\ Summary

Cross-correlation of ARF maps and high-pass filtered CMB maps to detect
the kSZ effect: substantial detection fromz=0to 5

kSZ measurements from different apertures at the same redshift to set
constraints on the properties of kSZ gas. kSZ gas resides in the intergalactic
medium and accounts for nearly half of cosmic baryons

Together with baryons in and surrounding galaxies, the amount of baryons
detected via ARF-kSZ tomography is compatible with CMB+BBN results

31
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Redshifts: o029 044 056 065 073 092 1.14 1.41 1.70 207 243 2.85 3.35 4.03 4.62 0.09

6dF—-GAL

SDSS—-QS0

SDSS—-GAL

SDSS—GAL SDSS-QSO0 6dF—-GAL

33


#
#
#
#

Functional form of kSZ gas distribution

logio(Mulh~'Me ) €[13.0, 13.5)
logio(Mulh~'"Mg ) €[13.5, 14.0)
> log(Mu[h~'"Mg])€[14.0, 14.5)
< logiMylh~'Mg]) €[14.5, )
p-profile
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