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Abstract:
We are entering the golden age of multi-wavelength astronomical surveys. In the 2020s
eROSITA, Rubin-LSST, Simons Observatory, and CMB-S4) are underway or planned to

cosmology and astrophysics. In this talk, I will discuss the significant scientific opportu
of big data, highlighting recent advances in computational modeling and the roles of arti
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Cosmology: from large to small scales
The Universe as a Laboratory for Fundamental Physics
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What are dark energy & dark matter?
How does the structure form in the Universe?
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Cosmology in the Era of Multi-Wavelength
Surveys: from large to small scales

OSITA

Simons Obs e =

Planck SZ

“The number of massive galaxy clusters could emerge as the most powerful cosmological probe if the
masses of the clusters can be accurately measured.” Understanding Cluster Astrophysics is the Key!

Pirsa: 24110059 Page 4/44



Precision Cosmology: Big Data meets Supercomputing

' “Dark Universe” Science _ Mapping the sky
HPC as an ; 0"‘,;;;"'91! | & with survey
! 0 . j N :
instrument on instruments
its own! e.g., LSST 8.4m
3.2Gpixels

100PB of data

Observational Data

Ambitious surveys,
with massive storage
for archive

Simulation realism
“virtual experiments"”
on the universe

log (o)

Analyzing big

Analyzing big
observational data

simulation data

Many signals often very =, - 1
subtle, buried in noise. "/ *Qata Analysis
Need data mining and '

statistical techniques. B
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Cosmology: from Galaxy Clusters to
Groups, alaxs n Cosmic We

\ v - = 4 > v ¢ "

Millenium Simulation

Galaxy clusters are the largest virialized objects in the Universe today, forming through mergers and mass
accretion from the cosmic-web. Their formation and evolution are governed by dark matter and dark energy.
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Cluster Cosmology in the Stage IV Era
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Simons Obs

Galaxy Clusters are potentially powerful cosmological probes
Major Uncertainties: ICM physics & modeling!!

Pirsa: 24110059

Page 7/44



Cosmology with Galaxy Groups in the eROSITA era
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Galaxy Groups are potentially powerful cosmological probes
Major Uncertainties: Baryonic Feedback Effects on the IntraGroup Medium (IGrM) profiles!!
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Map-level analysis with Simulation-Based Inference

(without Halo Mass): Primary vs. Secondary CMB
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Cosmic Shear & S8 tension

IntraGroup Medium (IGrM) are

I
dominant baryons in groups. 1.4 1 — Horizon-AGN o
. I
IGrM profiles are essential for 1.3 === Horizon-noAGN }
the current S8 tension! x| === O WL /
—— IMustris &
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I Cosmic shear tomography: Real

B Cosmic shear tomography: Fourier | =

L2 —— Planck 2018 i 0.8
0.71 Chisari+2018
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I Baryonic effects (due to galactic feedback) cause baryons
HSC-Y3 Cosmology to spread and drag dark matter, causing the suppression of
L — — - - - the matter power spectrum on large scales (k<zo h/Mpc).
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Opportunities, Challenges & New Frontiers
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Computational x Physical x Data-Driven Modeling

Opportunities

* We are entering the golden age of data-driven cosmology, with large
datasets from simulations & observations

* New frontiers: cosmology with structures (e.g.,
galaxies, clusters, cosmic web)

Challenges
* Baryonic Effects on Gas & Dark Matter Halo Profiles
* Large Multi-A maps for a range of cosmology & astrophysics

New Frontiers

1. Computational: hydro. cosmo. simulations

2. Modeling: a physical, computationally efficient model

3. Machine Learning: a new tool for analyzing big data from both sims. & obs.
4. Low-noise + High-resolution: CGV & baryonic effects
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Omega 500 Simulation Project

High-Resolution N-body+Gasdynamics Cosmological Simulation with
Adaptive Refinement Tree (ART) code on Yale’s OMEGA HPC Cluster

Box size = 500h-' Mpc, DM particle mass = 10°h-"Mo, Peak Spatial Resolution = 3.8 h-"kpc

. 10 Mpc/h -

500h"' Mpc zoom-in cosmological hydrodynamical simulations of
65 galaxy clusters with Msooc > 3x10™ h'' Me in WMAPS
cosmology (Nelson et al. 2014)

Three runs: (1) simple non-radiative gas physics, (2) +galaxy
formation physics, (3) +AGN feedback physics.

Erwin Lau Camille Avestruz  Kaylea Nelson
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The Physics of Galaxy Cluster Outskirts vs. Cores
Lessons from Hydro Simulations

2.4Msec Chandra XVP :
obssffaﬁoi%ﬁi;gg 4+ Cluster Outskirts
zccelera!te’gi/l%f,---m-\\\ Gas Accretion & Non-equilibrium phenomena
Xpansion .
g \ s, 1. Non-thermal pressure due to gas motions
= | 2. Splashback & Shock Radii N
3. Non-equilibrium electrons
- 2 e Key Parameters
",/ 4. Gas clumping/inhomogeneities Mass & MAH
W 5. Filamentary gas streams

Walker et al. 2019 for a recent review

Core of Perseus Cluster

4+ Cluster Cores

Heating, Cooling & Plasma physics

1. AGN feedback (Mechanical/CR heating)
2. Dynamical Heating, Gas sloshing

3. Thermal Conduction, Magnetic Field, He
sedimentation

Outstanding Challenge - especially critical
for X-ray surveys (e.g., eROSITA)
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Probing Gas Motion with XRISM
AGN feedback vs. Mergers

: 1000 km/s
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X-ray Spectrum of Perseus Galaxy Cluster Measured by XRISM Resolve
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RomulusC cosmo hydro simulation XRISM spectra of the Perseus cluster probes the motions of
Msooc ~ 1.5 x 10% Msun X-ray emitting plasma driven by AGN feedback and mergers

Spatial Resolution ~ 250 pc
Chadayammuri, Tremmel, Nagai et al.2021

JAXA Press Release: March 4, 2024
Lau et al. 2017
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Non-thermal Pressure
Analytical Model vs. Hydro Simulations

Comparison to the Omega 500 simulation

Shi & Komatsu 2014 (analytical model) o6 (Nelson+14)
_ — Ty < 1.8, modeled
"’P N == Tyym < 1.8, simulated
do-ﬁth Oﬁth dO‘tzot 0.5 Tooom > 2.7, modeled
dt —_— p + n dt To0m > 2.7, simulated
\ d ) 0.4}
Time Cthge in Dissipation Geneltion of q_"g 0.3f
Turbulence of Turbulence
Energy per unit  Turbulence sourced by 03
mass mass '
accretion
Implications for the HSE mass bias 0.1 w o .
Shi, Komatsu, Nagai, Lau 2016 B4 Sh], Komatsu,
Turbulence evolution in the density stratified medium Nagai, Nelson 2015
Shi, Nagai, Lau 2018 0o’ el J . .
Impact of Non-thermal pressure on tSZ effects . 0.2 0.4 0.6 0.8 1.0

Green, Aung, Nagai, van den Bosch 2020 r/ Fiic
m

Semi-analytic model can match the results of
hydrodynamical simulations remarkably well
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Halo & Gas Shape and Formation History

more slpgerical

[ MDPL2 N- —— 0.30 <logv < 0.39 Gaseous Halos in o
05F podysim ~ — 039 <logr <048 8.0f Omega500 hydro si
I Y —— 048 <logv < 0.57 9 her y | 8 0.9
o —— 057 <logv < 0.65 “éor? Sfp Brica
= i arly formin ‘
S 04l _ 4 9 3w 08 £
& I More spherical < 7.8 &
@ I i > o0
2 : Early forming e i
2 03f 2 =
= i = S
A I e 7.6 0.6
ol v 2 ¥ Less spherical
“[Less spherical v Late forming 0.5
" Late forming ©
| Lau, Hearin, Nagai, Cappelluti (2021) 74r o Chen, Avesiruz+(2019) i
L e e |y ] a - d
0155 A 6 g 10 12 145 S
DM halo concentration logio Msooc[h™ M) less spherical

e DM halo & gas shapes depend on its formation history: early-forming/higher concentration
halos are more spherical
e Systematic scatter in observable scaling relation driven by halo formation history
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Non-thermal Pressure
Analytical Model vs. Hydro Simulations

Comparison to the Omega 500 simulation

Shi & Komatsu 2014 (analytical model) (helsontte)

0.6 .
— Ty < 1.8, modeled
- - Tyon < 1.8, simulated
- do? 0 do? 0o b 257 modeie
nth nth tot wom > £, MOCEIE
dt — £ + n dt Togom = 2.7, simulated
\ d ) 0.4}
Time Cthge in Dissipation Gene;tion of q_.:; 0.3¢
Turbulence of Turbulence
Energy per unit  Turbulence sourced by o
mass mass '
accretion 1
Implications for the HSE mass bias 0.1 o
Shi, Komatsu, Nagai, Lau 2016 Sh], Komatsu,
Turbulence evolution in the density stratified medium Nagai, Nelson 2015
Shi, Nagai, Lau 2018 0.0l

Impact of Non-thermal pressure on tSZ effects 012 0:4 0:6 0:8 1.0

Green, Aung, Nagai, van den Bosch 2020 r/ B
m

Semi-analytic model can match the results of
hydrodynamical simulations remarkably well
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Halo & Gas Shape and Formation History

MDPL2 N- —— 0.30 <logv < 0.39
body sim —+— 0.39 <logv < 0.48
—— 0.48 <logr < 0.57

—— 0.57 <logr < 0.65
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145 T e
logo M500c[h_1M@] less spherical

e DM halo & gas shapes depend on its formation history: early-forming/higher concentration

halos are more spherical

e Systematic scatter in observable scaling relation driven by halo formation history
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Splashback vs. Accretion Shock Radii

DM splashback computed using SHELLFISH (Mansfield+17) Aung, Nagai, Lau 2020
3.0 L —— Mansfield+17
B o === model
- 2% e ° Ry
2.5 H_kk_?&. tos e Ra
: -..h"'.._ @ - e a [ ]
B o..}o’:"!!. ° % .o
5 20F el e T,
& A -
E:? B & e
L5 '
1.0 - b | LY |
: L ]
S | T S| N
89 2 1

Accretion shock radius is ~2 times larger than the Splashback radius,
making the hot gas extend beyond the splashback radius.
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Plasma Physics in Cluster Outskirts
electron-proton equilibration

TelTgas | | 1 T
Rudd & Nagai+09 10 1.00 Avestruz+15
10.9 0.95
10.8 0.90
10.7 3 IS
g .65 Solid: simulatio
0.6 25 g golL Dotted: fitting form i
tﬂ) ' Assumed Spitzer value
0.5 — 0.75L Upper Limit! 2
0.4 | 0.7 <My [10%h™ M ;] <2.2 (72)
0.3 0.70f- - 2.2 <My [10™ A~ M ] <3.9 (49) —

=== 4.2 <My [10" AT M ] <6.9 (66)

0.2 0.65r__ 7.1 <ar,, 10 K~ M) <16.4 (16)

| | | |
Q5L 0.0 0.5 1.0 1.5 2.0
0.0 R/RZUl}m

In the outskirts of galaxy clusters, the collision rate of electrons and
protons becomes longer than the age of the universe.
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Gas profiles

Pressure,
Temperature,
Density, X-ray

emissivity

A 4

4 N

Scaling Relations

Mass-observable
(Lx, Tx, Mgas, Ysz,
YX VS. MLens: MHSE)

/
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Baryon Pasting Project

Gas Heating
by SNe/AGN
feedback +
mergers

Cooling +
Star
Formation

Gas
Substructures

Polytropic Gas in
Hydrostatic
Equilibrium in a
spherical DM

Triaxial potential Cool-Core
Shapes of modeling
DM+Gas

Non-thermal
Gas Motions

NASA ATP23-0154

4 B

Lightcone Maps

SZ, X-ray, FRB,
lensing

- 4

\

Correlation
Statistics

Auto- & cross-
correlations of SZ,
X-ray, Gal, Lensing

L
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BP Modeling of tSZ Power Spectrum

Thermal SZ power spectrum contains significant

contributions from o

utskirts of low mass

(M<3x10'4 Msun), high-z (z>1) groups at <5000

8 Energy injection from Dark Matter Structures
. Stars and SMBHs
IR
=
6‘) il Shaw, Nagai,
2 Battacharya, Lau 2010
Red: fiducial model: er=10-6, a0=0.18, f=0.5, nn=0.8
0
8 Gas Motions in Clusters a, Evolution of Gas Motionsﬁ

Dy [uK?]

Calibrated with hydro. sim

r)”'
0

@ =@ (s
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F’tot

A\

a(z)=ao(1+z)P

0
10°
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Shaw et al. (2010)
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Best-fit tSZ spectrum
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Planck 2015
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10°

Planck measurements of the SZ power
spectrum can constrain cluster astrophysics
(especially non-thermal pressure)
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BP Gas Model

A physically-motivated parameterized model of gas in DM halos:

Polytropic equation of state in cluster cores and outskirts (Ostriker+05; Shaw+10, Flender+17)

] 1.2 (r/rsog > 0.2)
I'(1+2z)”  (otherwise)

P,

o

t=Pth+mep;: r(f,Z)={

Star formation: stellar mass fraction (e.g., Giodini+09, Leauthaud+11, Budzynski+13)

M. iy M50 )_S*
Msoo 7 \3x 1014 M,

Dynamical heating from DM and energy feedback from AGN and SNe
[Eg’f =Eq;+ eoMm | EpMm| + EfZW*C2 + AEP ]

Model of merger-induced non-thermal pressure fraction (Nelson+14; see also Lau+09,13, Green+20)

Prand , r/raoom \"
o= 1-afwl- (5=}
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BP Modeling of X-ray Clusters & Groups

a3 10° Sl ;
t
QU
T 10} -3
o === this work %
== Shaw+10 s
= 10™ | s
-;‘ 1 @ Sun
-~ ©1'©® Lovisari
19 @ Vikhlinin
10%2 LA — this work |4
= = Shaw+10
10' £, N ) %4 L L . 13 r NG
107 10! 10° 10% 107 10° 19 Mig [M.] 0
Mg M
R/ Ry R/ Ry,

Vikhlinin+06, Sun+09, Lovisari+15:
measurements of the relation between mass of
gas and total mass (DM+gas+stars)

McDonald+13,17:
X-ray measurements of gas density profiles

Baryon Pasting gas model describes X-ray observations (density profiles and gas mass) well
(Flender, Nagai, McDonald+17)
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X-ray power spectrum of eFEDS field

10 » Large-scales (£ < 2000, 9 > 0.2°)
Lau+23 - consistent than with ROSAT and
o 10-15| slightly lower than the Chandra
calibrated BP model.

» Small-scales (£ > 2000, 9 < 0.2°) -
agrees with BP model and
Chandra/COSMOS

» Expected eROSITA All Sky Survey

—

<
—
(=]

—
-1

4

________ = —— CL model

£+ 1)Cy/(27) [erg? em s~ 2sr™

. (eRASS4)+Chandra cosmological
________ ---- unresolved AGN clustering . ) )

10-8] L4 ROSAT/SXRB constraint marginalized over

: Chandra/XBottes astrophysics parameters:

Chandra/COSMOS
i | ALEDeEDE AQp /s ~ 5%
1 2 1 3 1 4
0 S 0 AO‘S/O'S & 4%

Lau, Bogdan, Chadayammuri, Nagai, Kraft, Cappelluti 2023
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