





H H H e i
The Beglnnlng of Our Universe KI STy on
) Blg Bang (1 38 = | I_) Accelerated aErxpa:‘;:gx
L N Afterglow Ligh
* Al 7'—I-J_"|- _5'7—|-9'| Al _'I- b ov;at;g": Dark Ages Development of
- G ies, , etc.
Ol_l 0‘” u Xl _9_% %Hé; 380,000 yrs alaxies, Planets, etc

. X}
(

x4

i |
e Inflation (%3 EHY 2 1036~10-32%)
=5F WA - 10-28m~10cm

a-—l - O
=2 H 4K /5 2&

Inflation

I

c X7 YA LUE QF » DUE/HYUE HY
e Bt - H 5 He — ... — Rh
. K|Eo| & EtM . 23} EbM _, S&jct s
—_ o — abou million yrs.
Big Bang Expansion
o 7|——’_-|\— réﬁjél' A|7£I|' 13.7 billion years

£7| OJAl YK Q50| /| £F TEE Y > "LEZ Ef5



Real Universe vs. Idealized Universe KIAS 2=~

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
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Cosmological Studies KI
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Random Quantum Fluctuations
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Necessity of Computational Simulations K|/\g sz
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* FLRW metric : an exact solution of Einstein's field equations of general relativity
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Scientific Aims of Cosmological Simulations
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Quantum Fluctuations
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Quantum Fluctuations
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Quantum Fluctuations — Importance of Cold Dark Matter KI'AS s
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Importance of Hydrodynamics (HD, Baryonic Physics)
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Scales in Cosmological Simulation KI'AS 2=
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History of N-body Simulations

. 20{2| WX : 0§ 24742 (1874 )OI EMK|AE 47t 28 S0fHrt

Transistors per Die

o<
oFE

Chr| =X 2ol del A 7(2| #A ;0§ 16.570 H0ICE |IXtS| 7i==7} 28 =Of Lt

« 19703 3007 (Peebles 70) vs. 20203 2-4Z 7l (Heitman+20; Zhang+20)
- BEM7] S 1008 57t

Transistor Count Trends

10E+12
10E+11 -
10E+10 -
10E+9 -
10E+8 -
10E+7
] ’ . ’
10646 4— * < g
: IOy .
* 2HH/247H % NA?_\ID Flash (3D)
10845 44— , ‘ N
‘AppleAPU
10E+4 - @ intel PCMPU
® Intel Server MPU
10E+3 + A Nvidia GPU
10E+2 e ———————t———————+

7173757779818

8587895919395979901030507091113151719

109

10"

10°

Number of particles

10°

10°

Ki

TTTTTTTTTTTTTTTTT
AAAAAAAAA

Trends of Cosmological Simulations
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History of N-body Simulations
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Significance of L, ,,, Am & Ax KIA'S =i
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History of (Magneto-) Hydrodynamic Simulation Kliﬂs e

« Hans Bethe & Richard Feynman (1944) A

- o - =J(X
. X|ZxO| QH| B ME| 28 (Los Alamos) y=f)

- HFT|E W= S+ (A-bomb) /—

« X0 FHYS ZE
« 1X1& Lagrangian @8 & H& A H[Hd(no viscosity) 74 0|&
e 19454 S5t XHE H (finite defference method, FDM)S O| 8310 A|Z = A
« von Neumann & Robert Richtmyer
. 19484 Q1|™ Hd(artificial viscosity)= 12{$t FH I T E I
- ENIACT} IBM SSECE 0|8310| ¢+




History of (Magneto-) Hydrodynamic Simulation KI’:

* Peter David Lax (1926-)

« AL ™A FH DSt Computational Fluid The Abel Prize Laureate 2005

: o| X}t The Norwegian Academy of Science and Letters has decided to
Dyna MmIcs, CFD) _l o Al X|‘ award the Abel Prize for 2005 to
. 19504 EH$E1 A NA HE7t5 AL
SHost oy x|Chet 23 Peter D. Lax
o
o 1 987 5 Ei él- -T— =y —I?I—TI?I__ _JI\_ b o, 2005 'rj Courant Institute of Mathematical Sciences, New York University
O|-Hé| é" A*" "for his groundbreaking contributions to the theory and
N ) . application of partial differential equations and to the
« X} Courant Institute of Mathematical computation of their solutions.”

Sciences (NYU)H| Al == X} A

» 1960-70F FA| st ZEO Eulerian & Lagrangian 7|28 = &
« 19709 Lucy2t Gingold, Monagan©O| SPH(smoothed particle hydrodynamics) &&= 702 A[%}

« 19802 Lawrence Livermore National Laboratory(LLNL)2t Los Alamos National Laboratory(LAN
L)O[A 2t8

« SH, CHY| =X 222 WHEENS s o A58 28 AT

02:*
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Methodology : Lagrangian vs. Eulerian
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Eulerian g +v-V= =y Lagrangian
R T
reference : o derivative
- R , =
el el /
% /.
Spatially fixed Following the motion
volume element of the fluid element
current
Modeling cosmic gas Vogelsberger+20
Eulerian formulation: Lagrangian formulation:
W = ap B Dp
‘ i 57+V-(pv)_0 BT——pV-v
; v : d D 1
Lagrangian Eulerian Ei! % +V-(pv®v+P1)=0 Hv =——VP
Joseph-Louis Lagrange (1736-1813) Leonhard Euler (1707-1783) a ! ' p
ope " De_ v
P +V-(pe+P)v=0 Dr pV Pv
. .1 o — S O = - = re)
» Lagrangian : S7F &0 2240|= RIA S22 GAE 12{5t0] A[ZH0f| & BH3p ALt
. . = =L el
o Eulerian: &¢F 0| D= AXE A 45H0] A|ZH0|| [HE HoF Al Lt
— = = = =) < X ) 1L
. T Ui DO AIZHO| 2} BEEL|= U 7|FEOE A - A (ZH ST 0| HX|, AEZI]
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Positives & Negatives KIAS =2~

- Lagrangian 7|= % (SPH) * Eulerian 7| =
« XA o AFX
o d o O
- AIRERZ A=A - A St 2T AHEO [[f% =l PSS
« §X 25(bulk motion)Q| FEEHTE HhAL - 7|ME 7|&5ts 7MY AL R HEE
(diffusion)0| & 3. . JEZID YMOZEE Of7|%E 9lEX|
- E5ot AEje| Z37H0| B3 =2 U2 s MAH 80|
- LT AKX H2 KBS A LSHY| 2B . CHH
JH| k= AL A S . HEZ2 T8 2
. C}X
s » Lagrangian 7|="8& CHH| 7! ALF A7
- S4010| st 2ol H= . ASIXO| HHQ| 0] FM3| QtO| Lo} 2.
- 7 A2 X0 IHE B2 e
e X7 ZH BHYO I
- 3NN YFAERE AXE THEO{LY Y|

2 > AR =D M S
/

» Lagrangian

> Eulerian 7|EF A



Examples : Lagrangian vs. Eulerian
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Cosmological Simulation Codes
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« Gadget-LI1lII
e |: Tree+Ewald
 ILIII : PM+Tree+SPH
* Millennium/M-XXL

GOTPM
* PM+Tree
 Horizon Run 1/2/3/4

CUBEP3M
« PM+PP
« TianNu (neutrino physics)

GASOLINE
« Fast Multipole Method(FMM)+Ewald+SPH

GEAR
« Tree+SPH Lagrangian

« Ramses
« PM+AMR (Multigrid gravity solver)
« DEUS, Horizon, Horizon-AGN
« Ramses-OMP : Horizon Run 5

ENZO
« PM+AMR

 ART
« PM+AMR Eulerian

AREPO
« PM+Tree+Voronoi mesh
e |llustris, lHlustrisTNG

GIZMO
« PM+Tree+Godunov L+E (ALE)
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Why Cosmological Hydrodynamic Simulations? (Vogelsberger+20)
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ex) Topology; 2pcf and power spectrum of galaxies; BAO peak; peculiar velocity of galaxies, # of galaxy clusters over time



Physics in Cosmological Hydrodynamic Simulations
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b0 feedback ——
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LAABARSS

AGN+3SN
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SN only
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Ty
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L RAMAAS LS
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AGN only
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e Al SAAAL)
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Redshift
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0

1

2

3 4
Redshift
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Current Large-scale Cosmological Hydrodynamic Simulations

]

Baryon Mass Resolution [ M.,
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- e Mufasa e @
e 25Mpc/h512° .
[ 25 Mpc/h 10243 ® Eris Latte
[ ® Magneticum-2hr ¢ Auriga L4 ¢ Hydrangea
. ®  Magneticum-4uhr ¢ Aurigal3 ¢ RomulusC
Romulus25 € ApostlelL3 300 Clusters o
MassiveBlack-ll ¢ ApostleL] NIHAO O
Fable ¢ FIRE-] Choi+16
Horizon-AGN ¢ FIRE-2 Semenov+17
100 10! 102 108 104 109 106

Number of Galaxies (resolved M, =10° M,.)
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x| 2

SRSk

Zoom (details)

Large volume (statistics)

CHE| 2% 20

Dark matter only (N-body)

AlS
=

Qr|fet x| B oA

Dark matter + baryons (hydrodynamical)

Aquarius

Via Lactea

Bolshoi

Auriga

Latte/FIRE

APOSTLE

1 Magneticum

Vogelsberger+20
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Next Generation of Cosmological Simulations KIZA'S z2zk:

« BEFTEY Lo

- Too Big To Fail problem : 2t7|d EAHE QL2550 =X oSt AELCH AF0A SHFEQ
AZ0| &A SEE= 2H (BeF g==2 22 X, Boylan-Kolchin+11, Papastergis+15)
» Missing Satellite problem : 2=z 2[d 2520 =X A A0 A 20 GO ddk|l= o1 (Moor+99,

Klypin+99, Klypin+15)
« Cusp Core problem : =X|A[> 0| A O FE OFZ2
(Walker+11)
» Diversity problem : 2l 2&~20t2| 2|™ =440] X[&E Z21t0] B|s{ X|LX|H CfFet X (Oman+15)
e M| BHE T2 CHY MEHOM XM7|Es ZHOE 7|MHS2 D50 siAStH D LHE (RAM =t
A 25 2oto| T FALY E= XH7|f S; Navarro+96, Governato+12, Chan+15)
» HHEZF T2 510 XA
=0t A2 20| 28X ddES 2907 e HEEO|E2 BEd 8
= =% Warm DM, self-interacting DM, fuzzy DM (Bose-Einstein condensation with A~ 1kpc)
Ot HlEFE &S0|HX| = HEE &g O|2 : Dynamical DE, Coupled DM

FO

H~20t52 S B/ HFEL 3 Le &4

|'.|

S8 0|2 (s=2 % S50 HX[E Mot 2F2Y)

_.I
« 353 204 OJLY : X ROl UH UKt £ 1010 > 1075 )



Cosmological Models for Our Universe

r Decelerating universes—] Coasting universe Accelerating universe
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Cosmological Models for Our Universe
Modified gravity roadmap Constrained by .. Mass Discrepancy Tree
L
- —_— GW speed 4 fos) $ o
assive , ) v - O
Geavity : GW dispersion ‘ /7/3 I8 &8
> 0 Bz R S
My Ry i GW dampin i 0y KT T &N
N [ e aly ~ O « 5 . <o
General W B pIEE 5 /3% Sy =  Conformal Weyl
Relativity AN .| GW oscillations 7 9y A A, " Yukawa
Tensor BRI e 0/-,') 5y 78 MOG . MOND
Unique theory G b Vo et Grayly’.. MOND
of massless g, Hot ""’/’L’ - & p R
i (¢ 0 ¥ ./.} !
Additional : il 'l/-\“‘Q~" r'/\
; PO\ '/.;» y Yy
Field ' . '/ y
Hypothesized {’
Solutions 3
_______ =)
Break SHE 3
Assumptions sooExtra {
, 5 o 7+ \  Empirical§
Sl S L g . ‘3 . ¢
Qort 4" 5 Lluster. ., Roots of Problem
M - < . \ o ~ TV 'Ar“ P
Discrepancy ¢ NVelocity i W
iy L . 3 \" L4 (-
Rl Dispersions 1§ 5 $i= 1
Flat Rotation Curves y H Large
Gravitational  Scale
Structure

of Spiral Galaxies
Lensing
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Recent Cosmological Hydrodynamic Simulations KI/AS 25z
» Horizon-AGN ,
(Dobois+2014) by 528 100/h 1.6x10
Illustris .
(Vogelsberger+2014) AREPO 110.7 6.3x10 0.74
Eagle Gadget3 )
(Schaye+2015) +ANARcHY 100 1810 0.70

MassiveBlack-II P-Gadget3 100/h 2.2x106/h 1.85/h

(Khandai+2015)
SRS L 5 TNG lllustris SR 110.7 6.3x10° 0.74
. credit: lllustris pro;cfa; team (Pillepich +2017) 302.6 5 05107 1.48

 Lack of large-scale perturbation (>> 100 Mpc/h)

* Unable to see the large cosmic structures (clusters, big voids, etc.) . ,
. . =» Horizon Run Series
* Unable to properly see the large-scale environmental effects on galaxies

* Subject to the cosmic variance (wrong statistics)
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Horizon Run Series

* Horizon Run 5 (HR5)
* First hydrodynamical cosmological simulation of the HR series devised to cover a cubic
volume of 1cGpc3 with a spatial resolution up to 1kpc

e Simulation box of L=1cGpc is necessary to examine the BAO features and the enough

number of clusters
Zoomed technlque is adopted to compromise between volume and resolution

Box size (L) 9417 cMpc 10285 cMpc 15450 cMpc 4436 cMpc 1049 cMpc
# of particles 41203 60003 72003 63003 gas cells+particles 8
Reference Kim et al. (2008) Kim et al. (2011) Kim et al. (2011) Kim et al. (2015) Lee et al. (2021) §
S
oS (Dubinski?gi-l:,MPark 2004) SOLIF:A SO CRl (Te)t{sgli\ger;OOZ) i}
v
* The points to be considered in HR5 119 x 127 cMpc?

* Relatively smaller box size compared with previous HR series =» 15t spin-off run: HR5E
, o , =» HR5+, LASOR & LAERS
* Long cuboid geometry for constructing light cone space data =2 2" spin-off run: HR5C
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Simulation Code

* Linear power spectrum & Initial-condition generator
 CAMB package (Lews+00) & MUSIC (Hahn+11)

= [l —r | -gl. O.
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 RAMSES-OMP : Intensive implementation of OpenMP to RAMSES (AMR code, Teyssier02)

* Adopting better algorithms for Sink merge and other bottleneck parts

* Well designed for “N-core” systems like the NURION KISTI supercomputer (Knights Landing : 64 cores/node)

* Well designed for massive (data-parallel) simulations, which benefits from the massively parallel threads.

* Several bug corrections to solve the Y2K-like issue in RAMSES

30000

25000

>

20000

Wallclock (X)

5000
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|

MPI dimension [J:1 cpu core

15000 -

M Poisson

M Particles

m Sinks (BHs)
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ETC

w
= w
X
I
o0 )
X
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]
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* PGalF (Physically Self-Bound (PSB) based Galaxy Finder, Kim+21 in prep) Dakvitier il
* Uses stellar mass density map with tidal radius & total energy criteria
* Tidal radius: boundary of each galaxy
» Total energy: determination of member particles
» Extracting all components of a galaxy (DM/star/BH/gas) at the same time
* Optimized for parallel computing

Stray Stars

* Concordance LCDM cosmology : Planck 1yr

0.30 0.70 0.046 68.4 0.816 0.967
* Baryonic physics A massive cluster sample in HR5
* Gas cooling & heating : down to T~750K (multiphase) (Mi=5x10"* Mo)

* Reionization at z=10 under the assumption of a uniform UV background
e Star formation: Type la & Il SNe enrich metallicity, SN feedbacks with both mechanically and radiatively
* Massive BH formation and evolution with a spin
* AGN mechanical, thermal and radiative feedbacks (quasar/radio modes)
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Simulation Outline : Initial Setup for HR5+ (HR5E & HR5C)

R ¥

<> 80x260 cMpc

1049 cMpc

1049 cMpc

Box size (cMpc) 1049x119x127 1049x82x262 2623

Resolution < 1kpc (13-20) < 1kpc (13-20)

(level) background 8 background 10 < 1kpc (11-18)

Simulated time z=200 - 0.625 z=200 - 2.45 z=200-2.4 x=y=2=262 cMpc
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Current Large-scale Cosmological Simulations
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Outputs KIHXS .

* Simulation time
* HR5:10.8 M node (691 M cpu) hours used to down to z=0.625 (2018.12 — 2020.1 on Nurion system, KISTI)
* HR5E: 2.1 M node (134 M cpu) hours used to down to z=2.45 (2021.05 — 2021.08 on Nurion system, KISTI)
* HR5C: 1.2 M node (76 M cpu) hours used to down to z=2.4 (2021.05 — 2021.08 on Nurion system, KISTI)

4 M cpu hrs 4.5 M cpu hrs 19 M cpu hrs 55 M cpu hrs 691 M CPU hrs 210 M CPU hrs

* Memory requirements
e (11 variables for each particles) x (double precision, 8 bytes) = 820 Gb > Well designed for N-core system
* (13 variables for each grids) x 9 (x, y, z center & edges) x 8 bytes =30—-100Tb  (Xeon Phi KNight landing, KNL)

e Snapshots
* HR5:2.1-10TB of single snapshots, and total of 1.5PB (147 snapshots)
« HR5E : 3.5 - 12 TB of single snapshots, and total of 800TB (97 snapshots)
« HR5C: 2.3 - 8 TB of single snapshots, and total of 500TB (98 snapshots)

* Halo & galaxy finding
* PGalf : PSB-based Galaxy Finder + FoF Halo/substructure finding data
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z2~0.625

‘DM distribution
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Baryon distribution:

A slice of the zoomed region Red: temperature

(thickness ~ 20 cMpc) Blue: gas density
Green: metallicity
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A New Galaxy Finder for AMR Simulations

Horizon Run 5: a virtual observatory

Low-z environment
* Formation history of SO galaxies
 The impact of mergers on galaxy shape alignments

* Investigation of the connection between star-
formation status and large-scale structure of galaxy
clusters at redshift z=0.85

High-z environment

 The formation and morphology evolution of the
first galaxies

 The formation and properties of Proto-clusters
e High-redshift Intracluster Light Study with HR5

 Shock Waves around High-z Massive Merging
Clusters

* Modelling Lyman alpha emitters and their

properties at high redshifts

e Quantifying the contamination of the SZ decrement
by star formation at z greater than 2

TE Lo}
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 BH & AGN physics

* Black holes as gravitational-wave sources using HR5
data

e Galaxy Environment of Simulated Supermassive
Black Holes at 1<z<3

e Evolution of AGN at intermediate redshifts

* Impact of AGN emission on estimated star
formation rate using infrared (IR) luminosity of
galaxies in HR5 simulation

e Large-scale Features
* The properties of galaxies within cosmic voids

* The Topology of the Universe via Percolation
Analysis

* Painting Baryonic Features to Dark Matter Halos
with Machine Learning

https://astro.kias.re.kr/Horizon-Run5



Preparation for the Next Generation Cosmological Simulations

e T2/ AN : C/C++, Fortran90

e Linux =8X|A 0 CHoF M-S

- HEH HRFE 2tH : MPI, OpenMP, Parallel Job Queuing, GPU Parallelization
o XM|otEl SEERQ|O AHROf Ciet 2 == 30| XXt 55
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