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Introduction
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Star Formation

Star forms when certain criteria are met
Above density threshold?
Converging flow?

©® Star particle
1
Stellar population

Gas Cooling
Tabulated cooling/heating rates

before

g 'blié‘eycledv'G'als

3 Ejecf(ed Gas i

- Multiphase ISM

BH Formation

Stellar Feedback

SNe: Injecting thermal or kinetic energy

SPH Moving Mesh

Additional stellar feedback
channels (in some simulations):
g : - Stellar winds
Inﬂowmg Gas : - Stellar radiation

AGN Feedback

- Injection of thermal or kinetic energy
- Single/Two mode feedback

xtA

A
NP4 |
® after BH forms when certain criteria are met ‘7. g ,
_ S o e v
= °;’ = . O DM Halo above mass threshold? . .
= 2 = Isotropic  Bipolar
S  Sometimes additional criteria (e.g. low metallicity) ~ injection injection
iy Soptie &b P
as femp emperafure as, femp, @ BH particle (with accretion recipe) disk

Bipolar  Decoupled
injection injection
random

direction

Fig. 2 lllustration of key baryonic processes in galaxies, using the Triangulum Galaxy (M33) as an example (Image credit: X-ray:

arXiv: 2507.08925
aEFL, FEHISH2ZF,
BESUK, IRENRESARINR
S R IEEEIEERKIELL;, SEMBEXBEIERNFFH

BFSINHAESE,
'TEE'—T\?&H& RIS E

S AIERE

£

B

R B2 R



> 2XEE{EH.

M81 group optical..

Introduction

T (BINSEFYEX

FES)

Wind - )
recycling (. ‘
Tidal bridge
Thermal .

condensation

Wind ;
recycling o

B N

»
v

Satellite
accretion}

21cm: de Blok+2018
M82: Chandra Obs.

- Starburst

outflows

Keeler 529

% NGC4627 ’ Dwarf A

 NGC4631
MCG+06-28-022

A

NGC4656

Chen & Zahedy 2024

Wang J. et al. 2023




Introduction

FHEM., ERTGEN, HIDWmSHNZE, wRESWIF%IEYETE,
SRR, (NEFTIERICTTASRERES
- IBENEINER. BIK? NEREH?

» IEEAARIRSA? HISH2RI=ESECHI?

- [BEFRSELL? PIORRFRENL?

s BEFRIGXIISMIYEN, EEIIE?

- EXHEEFRESHERE?

- FEHFERESSEHHISN?

1970\, EUERIUEUENRFEXRIFZEHTEE)
PRABEFE, SN, MRS, BrYENlE




Introduction
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Fig. 1.5.  The first N-body experiment of a galaxy encounter using 37 light bulbs for each galaxy
by Holmberg. The tidal arms as a result of encounter is clearly visible on the RHS of the figure Via'lactea
showing the final result of the experiment (or simulation). Figure adapted from Fig. 4(a) of [49].
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2. Collisionless N-Body Simulations

2.1 Basic idea

In a simulation, mass distribution is represented

by particles or sampled on a grid; motion of each
mass element is traced numerically by

accounting its interactions with other elements.

» Cosmological simulation tracks the
evolution of a periodic (uniformly sampled)
comoving cubical box with side length L

> N collisionless particles (~10% in 1985;
~4x1012 in 2025) in the box, representing
a sampling of the matter field




2. Collisionless N-Body Simulations

2.1 Basic idea Introducing phase-space density or distribution
ACDM model assumes that function of dark matter, f = {(x, p, t)

dark matter is cold, with
negligible random motions

when decoupled from other
matter, and collisionless

CDM is governed by cosmic Vlasov—Poisson equations

of 1 of

collisionless Boltzmann equation (CBE)
26.8%

V29 = 4nGa’ (p(X, t) - p)

DEUSATI Y 68.3%

p=pO[1+6(x.D],  p= / e, p.1) p.

After Planck




2. Collisionless N-Body Simulations

2.1 Basic Idea N-Body methods as an efficient technique:

The cosmic Vlasov—Poisson equations sample f(x P»t) by N phase-space points

(x, p, t Zmza?’ x — x;(t))8%(p — pi(t))

of 1 of

ot ma P E Lo ,ﬁxﬁ (Monte Carlo Sampling)
collisionless Boltzmann equation (CBE) solve CBE by Method of Characteristics

_ rpesroe 4f Of dx 8f dp Of
V¢ =4nGp(t) a*(x,1) AT G =5 T a ox T dt op =
Poisson equation dx; __  Di
dt — m;a?
p=p@)[1+d(x,1)], .0=/f(x,P,t) &p. ‘ '

Pi = —m; V¢

directly solving them in 7D space is difficult dt



2. Collisionless N-Body Simulations

2.1 Basic Idea

of 1 of

ot op

V2p =4rGp(t) a*d(x,t)

dx; __  Pi
dt m;a?

dp;
d‘; = —m; V¢

» N-Body methods as an efficient technique:

fis constant along any trajectory {x(t), p(t)}, the
trajectories obtained by time integration of N
points {x;, p;} sampled from the f at time t =t ;.
form a representative sample of f at each time t

N

fx,p,t) = ) mid(x —xi(t))6*(p — pi(t))

1=1

problem reduces to solving Poisson’s Eq. for a
set of N particles and advancing them forward
in time according to the equations of motion
derived from the system’s Hamiltonian



2. Collisionless N-Body Simulations

2.1 Basic Idea

problem reduces to solving Poisson’s Eq. for a set of N particles and
advancing them forward in time according to the equations of motion

0 _ 0 - Discrete
Vx¢:47er(t)a 5(x,t) P(x;) = G%;\/’xz—x]P—i—Gz Poisson
’ Solver
Hamilton Equation Lagrangian Equation
dXz' — Pi % — lv
dt — m;a? dt a
dp; av a Vo
dt v ¢ a a a



2. Collisionless N-Body Simulations

) . . o
2.1 Basic Idea: Procedures Zel’dovich Approximation, 2LPT
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2. Collisionless N-Body Simulations

b). Trace the motions of particles:

ax 1
Time Discretization & Integration dat Ev
Suppose that at the nth time step, the time is t, dv a Vo
and the distribution of particles is given by xi(t,,) , E T EV - a

vi(t,) wherei=1,2,...,N. How to update?

simple "Euler method’ for a time step At

relatively poor accuracy



2.2 Gravity Solver

The efficiency of N-body simulation mainly depend on the specific Poisson/Gravity Solver

b(x;) = —G Z | ¢: softening length
it V% — XJ \2 + € Plummer smoothing
e Drctmmmion LT
(a) Particle-Particle (PP) method P T Linear regrosion (+189% per yo)

—— Moore’s law (+59% per year)

1011_
https://www.florent-
'rleclercq.eu/blog.php?page=2

107 -

_ ]
Fi = G (€2 + [Xi — Xj[2)/2

Number of particles

105 -

3L / 2
Pros: robust, accurate and completely general i

Tk S 2SN T R S IR SR ST EPEPEP EE BT
Cons: COII]pUtatIOIl eXpanSIVG O(NZ), tOO SIOW 1965 1970 1975 1980 1985 1990Ymr199o 2000 2005 2010 2015 2020

. , Evolution of the number of particles used in direct -
preferred in simulation of star clusters body simulations as a function of year of publication.



2.2 Gravity Solver

(b) Particle-Mesh (PM) method ~N*log(N) (Hockney & Eastwood 1988)

Mass assignment; Solving equation with FFT; Forces interpolation

I. Divide computational box (size L) in grid of N¢3 Cloud shapes S

meshes of constant size LL/Nc¢

II. Compute mass density on mesh using interpolation NP

schemes (Nearest Grid Point, Cloud in Cell, * xx %
Triangular Shaped Cloud); Fourier transform

CIC

II1. Solve for potential on mesh using the Poisson
equation (in Fourier Space)

—kngg — 47TG,OE




2.2 Gravity Solver

(b) Particle-Mesh (PM) method ~N*log(N) (Hockney & Eastwood 1988)

IV. Compute each particle acceleration using inverse
interpolation scheme

V. Update each particle velocity and position

Pros: Fast

Cons: Force resolution 1s limited by size of mesh ] ) ]
inverse Cloud in Cell in 3D



2.2 Gravity Solver

c) Tree(Tree-PM) method O(N*log(N)) e.g. Barnes & Hut (1986)
Octree, kd-tree

* Particles are grouped together systematically according to their distances to
the particle for which the force is to be calculated.

* Force from each group is then replaced by its multipole expansion.

* A smaller number of multipole components for distant particles or more
distant particles can be combined into larger groups.

intotal,Barmes Hut required oy to compute the force on particle 1

2D example 5 force calculations instead of 23!

ROOT NODE

LOOP over all cells of the lowest refinement level.

—
7 IF |%; — Z.| > I./0 THEN

compute force due to this cell (using low-order multipole expansion)

ELSE
sum the contributions of its sub-cells
ENDSLE

‘B Wi
PEANN

1. the size of the cell,@ is a free parameter (opening-angle)




2.2 Gravity Solver

c) Tree(Tree-PM) method O(N*log(N))

f (r) 4

https://doi.org/10.1145/3492805.3492816

PP

PM

The large open green circle shows the
cutoff radius, in which the short-
range forces are calculated by the tree
algorithm. Green filled circles are the
center of mass of tree nodes.

Green and red arrows indicate
particle-multipole and particle-
particle interactions, respectively. The
PM algorithm is used to calculate the
residual forces.

The functions for short and long
ranges forces are illustrated in the
bottom-right by green and blue curves.


https://doi.org/10.1145/3492805.3492816

2.2 Gravity Solver

(d) Particle-Particle-Particle-Mesh (P3M) method .
(e.g. Efstathiou
Long distance: PM Short distance: P-P 1985; Couchman 1991)

c.g. short-range force
oint particle force

N
r.o—
T — Gm; ’ : 9
f ; m; (2 1 &) 72 gpsm(T) (e
cutoff function e
(1+8(-5+E(F +E(-3+4(-F +¢3))) BTy s i "‘\"'\
() — | ~CEHEE D), (0<¢<2) e . e
0, (£>2), ‘Fw(r)
| where £ = 2r/rey and ¢ = max(0,& — 1). N e T T e 1 )

If particles are not strongly clustered, most particle pairs
are solved using PM. Once particles become strongly
clustered, code becomes effectively PP. =» adaptive P3M



2.2 Gravity Solver

Table 1: Major galaxy formation simulation codes

code gravity hydrodynamics parallelization code primary

name treatment® treatment® technique® availability? reference

ART PM/ML AMR data-based public Kravtsov (1997)%7
RAMSES PM/ML AMR data-based public Teyssier (2002)38
GADGET-2/3 TreePM SPH data-based public Springel (2005)*°
Arepo TreePM MMFV data-based public Springel (2010)*
Enzo PM/MG AMR data-based public Bryan et al. (2014)*!
ChaNGa* Tree/FM SPH task-based public Menon et al. (2015)*>44
GIZMO/ TreePM MLEM/MLFV data-based public Hopkins et al. (2015)*
HACC TreePM/P3M CRK-SPH data-based private Habib et al. (2016)*
PKDGRAV3 Tree/FM — data-based public Potter et al. (2017)*’
Gasoline2 Tree SPH task-based public Wadsley et al. (2017)*8
SWIFT TreePM/FM SPH task-based public Schaller et al. (2018)*

4 PM: particle-mesh; TreePM: tree + PM, FM: fast multipole, P3M: particle-particle-particle-mesh; ML: multilevel; MG: multigrid
b SPH: smoothed particle hydrodynamics, CRK-SPH: conservative reproducing kernel smoothed particle hydrodynamics , AMR: adaptive-mesh-
refinement, MMFV: moving-mesh finite volume, MLFM/MLFV: mesh-free finite mass / finite volume

¢ data-based: data parallelism focuses on distributing data across different nodes, which operate on the data in parallel; task-based: task parallelism
focuses on distributing tasks concurrently performed

d private: private code; public: publicly available code (in some cases with limited functionality)
€ gravity solver is based on PKDGRAV3
/ based on the GADGET-3 code

Vogelsberger et al. 2020



2.3 Parallelization and Load balancing

number of particles used in N-body simulations

mass and force resolution is import!

Mass Resolution

6.5 x 10" MO/h

8.6 x 10° MO /h

1.4 x 10° MO /h

5.9 x 10’ MO/h

6.5 x 10° MO/h

4.5 x10°M®/h

™ L AL L I B T ™ T T T T
1083k Direct summation |
P3M or AP3M Typical Resolution of Cosmological N-body Simulations
) Parallel or vectorized P3M Simulation Box Size
101+ .
Parallel Tree Quijote 1.0 Gpc/h
8 Parallel TreePM
£ 100f Parallel PM AMR » 1 0.5 Geelh
<
& [] Hydrodynamics S
o ) / Bolshoi 0.25 Gpc/h
5 . | —— Moore’s law (+59% per year) o 4
) 10 B . / ]
£ ===+ > 1990 super-exponential trend sz TNG300-Dark 0.205 Gpc/h
Z: /17 a® 56
/
10°F » 830 36 . TNG100-Dark 0.075 Gpc/h
g 9710 3
6 2 n 2 TNG50-Dark 0.035 Gpc/h
103 | . 5/ 7 -
) 4
D 2l ] M PR PR N RN S BN S S
1965 1970 1975 1930 1985 1990 1995 2000 2005 2010 2015 _ 2020
Year

{1 B CRFZRHIN VR R TS ER Y TR ?
BCPU FLOPS=#Z2{* 57

*CPUE

AT SRR

N1 V4

;I\\\

RITHRE (Scpuligax,

Force Resolution

20 kpc/h
5 kpc/h
1kpc/h
1kpc/h

0.5 kpc/h

0.2 kpc/h

4~32)



2.3 Parallelization and Load balancing
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problem instructions
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3

HPC Architecture
] i
[ | ] [ | |
Multicore
Processor HPC Node
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HPC Cluster
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-~ 1 =
l l procusorl
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Fiducial global quad tree
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Illustration of the relation between the BH
oct-tree and a domain decomposition based
on a Peano—Hilbert curve (Volker Springel)



2. Collisionless N-Body Simulations: Analysis, Successes

Halo Finder

output: information of particles (pos,
velocity, mass) at different time snapshots

PartType{0,1,4,5}
I Subfind 0 c
2 Subfind 1 .
S - o
E 2
% Subfind 0
= Subfind 1
- FOF groups with different
e linking lengths (yellow, orange,
Sub:ﬁndo violet): substructures are
5 Subfind defined as FOF groups which
: Subn have a smaller linking length
- — and lie inside a larger host halo.
associated with any FoF halo




2. Collisionless N-Body Simulations: Analysis, Successes

formation & evolution of large scale structure, cosmic web, dark matter halos

Millennium Run< |
10.077.696.000’particles » |

http://www.mpa.mpa—garching.mg.de/gadget/ N-bOdy simulation vs. observation



2. Collisionless N-Body Simulations: Analysis, Successes

evolution of non-linear, matter power spectrum

¢.g. The Abacus Cosmos: A Suite of Cosmological N-body Simulations

P(k) [(Mpc/h)3]

P(k)/PCosmicEmu (k)

10* - 10
E G
103 S 103
3 SSe o
i =
10° E \\\ E 102
- ) g =
10! —— Abacus ‘\ =
F i < 10!
[ s CosmicEmu 3
10° E——. CAMB/HaloFit
11 - ol | | | l 100
v
< 1.00
)
~
5 0.95
09 | ol ] Lol | ' Y I
102 10-1 10° kNyquist 10!
k [h/Mpc]

F —— emulator_720box_planck
HEPPY emulator_1100box_planck, z = 0.7 A
= — =+ emulator_1100box_planck, z = 0.5

- —— emulator _1100box_planck, z = 0.3

llll L llllllll
$3%

_Tlll
102 1071 10° o 10°
N
k [h/Mpc] @*\\{'—V\A‘

https://iopscience.iop.org/article/10.3847/1538-4365/aabfd3




2. Collisionless N-Body Simulations: Analysis, Successes

Properties of dark matter halos: internal structure and substructures

a R
Level M,o/Mo
L7c 10 }
L6 10"
L4 108 |
S
{2
)
2
S
[)]
o
°
b
2
w
Z
g
< 09
c 1o = R
2 - Einasto (@ = 0.16)
2 1.1 :
00 e ]
T 09 i
N

0.8 1 il 1 1 1 T 1 1 1 111
0.1 1.0 10.0
rr_,

Fig.2|Density profiles for haloes with mass between that of the Earthand
that ofarichgalaxy cluster. Asdescribed in detail in the Methods section,

e.g. Wang Jie. et al., 2020, Nature . Zoom-in Simulations



2. Collisionless N-Body Simulations: Analysis, Successes

properties of dark matter halos: halo mass function, merge tree

- CDM Milky-Way size halo

at z=0
5
--- PS z ~0.00
ST LO: & =0.000 z = 0.00
- EPS—-LO L1: § =—0.607 z = 0.00
EPS—L1 L2: § =—0.918 z = 0.00
k EPS — L2 S L3: § = —0.964 z =0.00
o| -~ EPS—L3 > L4: 6 = —0.974 z=0.00
‘- EPS-1IL4 “FHE- L5: 6 = —0.976 z = 0.00
EPS — L5 ' L6: 6 = —0.986 z = 0.00
--. EPS—L6 v . L7: 6§ =-0.984 z =0.00
- EPS—LT7
VVV — Lo
VVV - L1
VVV — L2
VVV — L3
VVV — L4
VVV - L5
VVV — L6
VVV - L7

1078 1076 107 1072 100 10? 10* 109 108 1010 1012 101 10'0
Moy /Mg

doi: 10.1093/mnras/stae289
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3. Hydrodynamic Simulation (j{442#)1)
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3. Cosmological Hydrodynamic Simulation (F{&42$)1)

NK (FE¥D
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HEHIo

Le=

JHI,

) +EF AR

(1) EFSNEN: KEFERAELESR

Ui+ f(U)x +9(U)y +h(U)z = F(t,U)

U f g h
[ o) [ e ) [ ) ()
pu pu® + P puv puw
pv |, puv , p+ P |, prw
pw puw pow pw? + P
\ ) \we+p)) \wp+p)) \wE+P))
P 1
E=~_1+2p(u + v + w?)
| 5(73%8,
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3.1 Hydrodynamic Solvers (R{&HERETE)

(a) Eulerian (Grid/Mesh based, Finite Difference, Finite Volume)

Node L

. ‘ . Cell{~e 2 ~
oU OF(U) o8GU) 8H(U) | noce
‘ —|— —|— . - — S Cell Face /'/ —
()t 81‘ dy 82 Boundary Face
Face %
Edge
Cell
Space R . Simple 2D Mesh Simple 3D mesh
F(U) ~ Fiyia — Fiay accuracy is limited —— — —
TrT=T; — AI The Basic Finite-Difference Approximation (& 3]
Tlme dfiS ~ f,:z _fi second-order accurate
~ first-order derivative
(1) n n 4n dx Ax
UM = U™ + AtL(U™, "))
3 1 1 df
U2 =ZUm 4+ UM 4 _AtL(UD " + At) =
4 4 4 | L
1 2 2 1 £
Urtl = ZU" + ZU® + ZAtL(U®P " + Z At 1
3 + 3 + 3 ( A 2 )

>
>

This is the only finite-difference approximation we will use in this course!



3.1 Hydrodynamic Solvers

(a) Eulerian (Grid/Mesh based, Finite Difference, Finite Volume)

|: High-Order High-Resolution Methods jl

Different Finite Difference Schemes | 8

Unstructured Grid Structured Grid

Free topology Constrained topology

d¢ ¢(ZIJ + A:I/') - ¢($) ¢'L+1 ¢Z \_ Multi-dimensionally coupled discretization 3, L Dimension-by-dimension discretization |
~ +O(A | l
dz Az (Az) = - Az 7 |

‘ ane leference Method (FDM) 1 ‘ Finite Volume Method (FVM)

Difficult to realize high order on curvilinear grids

_ _ b v | ;
dé ~ ¢(m) ¢($ Aw) + O ( A ZU) = M ( Interpolation-based FDM ) [ Reconstruction-based FDM |

de Ax Azx (WCNS, ...) (WENO, ...)

Satisfy GCI Hard to satisfy GCL
Both Flux Difference Splitting and Flux Vector Splitting
. (Roe, AUSM, HLLC, ...) (Steger-Warming, van Leer, ...) |

Flux Vector Splitting Only
(Steger-Warming, van Leer, ...)

Pitv1 — i1 : | N ¥
O (AJZ ) ANode-_Cemered F,D,M [ Cell- Centered FDM
ZA:E Characteristic decomposition at l.m'\ SRR RS

multiblock interfaces. ! : . -
) S e T DOFs not increase with splitting )
\_ DOFs increase with blocks splitting. ) ™

dp _ ¢(a + Az) - ¢ — Aa)
dz — 2Ax

Cell-Centered Symmetric
Conservative Metric Method

\v
J

L (Geometric Conservation Law Method) ||
J\

shortcoming: resolution is limited for fixed grid/mesh
e.g. box size 100 Mpc/h, 10243 grid, dx~ 100 kpc/h



3.1 Hydrodynamic Solvers

(a) Eulerian (Grid/Mesh based, Finite Difference, Finite Volume)

Adaptive Mesh Refinement (AMR), Moving Mesh

(BER. REMIE,

L

SEPort

rE. SRR

X 15 Y R AT S RE 1)

L

z=4 z=2




3.1 Hydrodynamic Solvers

(b) Lagrangian (Smooth-Particle Hydrodynamics, SPH)
Ar) = / A(F)6(r —P)dr

introduce a SPH kernel W(r, h) (A(r)) = / A(r" YW (r—r")dr

Wi(x)dx =1,
/ ) | f—A(")W(r—r’,h)p(r')d r.
, p(r)
limW (x,h) = 6(x).
h—0
N sph particles
N
N .
A=Y mAwe ) pr) =S mW(r —rih)
j=1 Pj i=1
dv, . p P
—L = — Zmi(—; + —)V; Wy

dt i1 P;  Pi

More: Volker Springel, ARA&A



3.1 Hydrodynamic Solvers

=T

- F RIS

Table 1: Major galaxy formation simulation codes

RANTTIE.

A TR

code gravity hydrodynamics parallelization code primary

name treatment” treatment? technique’ availability? reference

ART PM/ML AMR data-based public Kravtsov (1997)%7
RAMSES PM/ML AMR data-based public Teyssier (2002)38
GADGET-2/3 TreePM SPH data-based public Springel (2005)°
Arepo TreePM MMFV data-based public Springel (2010)*
Enzo PM/MG AMR data-based public Bryan et al. (2014)*!
ChaNGa*® Tree/FM SPH task-based public Menon et al. (2015)*>~44
GIZMO/ TreePM MLFM/MLFV data-based public Hopkins et al. (2015)%
HACC TreePM/P*M CRK-SPH data-based private Habib et al. (2016)*6
PKDGRAV3 Tree/FM — data-based public Potter et al. (2017)*7
Gasoline2 Tree SPH task-based public Wadsley et al. (2017)*
SWIFT TreePM/FM SPH task-based public Schaller et al. (2018)*

g private: private code; public: publicly available code (in some cases with limited functionality)
¢ gravity solver is based on PKDGRAV3
fbased on the GADGET-3 code

4 PM: particle-mesh; TreePM: tree + PM, FM: fast multipole, P*M: particle-particle-particle-mesh; ML: multilevel; MG: multigrid

b SPH: smoothed particle hydrodynamics, CRK-SPH: conservative reproducing kernel smoothed particle hydrodynamics , AMR: adaptive-mesh-
refinement, MMFV: moving-mesh finite volume, MLFM/MLFV: mesh-free finite mass / finite volume

¢ data-based: data parallelism focuses on distributing data across different nodes, which operate on the data in parallel; task-based: task parallelism
focuses on distributing tasks concurrently performed

Simulation Volume [ cMpc? ]
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3.2 Baryonic Physics |

= FIEEE)

1990sFRIFIMEIURBERARE (> ~10 Mpc/h) | EFoHSEYIRE
. ERONRE, ECTESAN. BV, BESERRESET
2, (FETSEYREIMREES, NIX+RE+ ETYREEIEE30589337

Star Formation a rXiV: 2 507 _ 089 2 5 Stellar Feedback

Star forms when certain criteria are met

SNe: Injecting thermal or kinetic energy

. Above density threshold? AMR SPH Moving Mesh

o Converging flow?

© Star particle
I Additional stellar feedback

Stellarpopulation channels (in some simulations):

- Stellar winds
- Stellar radiation

AGN Feedback

- Injection of thermal or Kinetic energy

Gas Cooling - Single/Two mode feedback
Tabulated cooling/heating rates BH Formation

before ® after BH forms when certain criteria are met . ( | 2 [ J

- S _ ; ’

= Qé, = . O DM Halo above mass threshold? . . .

= < = Isotropic Bipolar  Bipolar  Decoupled

S * Sometimes additional criteria (e.g. low metallicity) injection injection injection injection

cazrh (] e el perp. to  random

asi femp emperaiure a5 femp @ BH particle (with accretion recipe) disk direction

Fig. 2 lllustration of key baryonic processes in galaxies, using the Triangulum Galaxy (M33) as an example (Image credit: X-ray:



3.2 Baryonic Physics |

= T

$3E)

A
i

TRIUTTHHER dx > YT A2 EEAY,

Gravity-Hydro-Astro Tree Solver
Tree Build Short-Range GPU Solver

leaf-leaf
| T interactions|71

warp—split%ng warp-splitting

Long-Range Spectral Solver 1
12,600% Grid FFT FFT and CM Grid E
1

1

10910 Jojie G081 Joji-.-

[e]eJeJe]ee]e]e] [e]efee] [ " ]]
ST 77 ST 77
[ee]efe]e]e]e]e] [e]efefe] [ ["]"]

—shuffles

~— few hundred particles per leaf

GPU Analysis
Halo Finding Galaxy Finding

synchronous

Node-local Storage

1

1

i Multi-Tiered asynchronous
1
: 1/0 “SoTes
i
1

(effective)

Figure 2: CRK-HACC architecture diagram of the primary simulation components, spanning gigalight-year volumes down
to short-range forces acting on individual particles. The distributed long-range spectral FFT solver operates over the global
domain across all nodes (top left). After k-d trees are constructed in chaining mesh bins, the entire overloaded rank is pushed to
the GPU (top right), where short-range force operators process leaf-leaf interactions using warp-splitting kernels. Cluster-based
in situ analysis is also GPU-accelerated (bottom right). Multi-tier I/O (bottom left) outputs data using synchronous writes
to node-local NVMe SSDs, which bleed data to the PFS asynchronously. For Frontier-E, the time-to-solution contributions
from the long-range solver, tree build, short-range solver, in situ analysis, and I/O were {1.7%, 1.7%, 79.6%, 11.6%, and 2.6%},
respectively. Over 90% of solver time was executed on the GPU; see Section 7.2.
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3.2 Baryonic Physics

»gas cooling & heating , metals, chemicals

missin
29+13%

galaxies
7+2%

GM 5+3%

ICM 4+1.5%
cold gas 1.7+0.4%

logyy T [K]

|+—~t\:>oo.4>

5173008%, ZFH

ERIINE RGN, 18

NERERE1ER

, BRI

S N 0o

Ut

Hot Medium (HM)

Hot Medium (HM)

TNG100 — z=0.0

1 1

Fh&H5
-SRI
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3.2 Baryonic Physics

»gas cooling & heating , metals, chemicals

Calculation: energy loss due to cooling per unit volume
AE = n2A(T, Z)At

* Atomic, molecular processes
 Compton scattering, Bound—bound,
Bound—free, Free-bound, Free—free

E
s e
excited
states
ground
state

absorption emission ionisation recombination free-free

bound-free

A [10728 erg cm? s7!]

Note: gas metallicity
evolves 1n simulation.

...........................................

— [Fe/H)=-10 |]
-- [Fe/H]=-3 |]
- [Fe/H = -2 ]
[Fe/H]=-1 H

— [Fe/H]=0

4 7

log T [K]
|-|=|-‘/\\2'|_:\|:| 22
I AP




3.2 Baryonic Physics

»gas cooling & heating , metals, chemicals

Pretabulated cooling function from ISM-Chemical models

-

~
The Hybrid-Chimes model (here: ChimesHHe)

{

Total hybrid cooling rates J

abundances for species:
HI, HIl, H-, He, Hel, Hell, Hz, Hz*, Ha*

4

* [ Total electron density e J » [Quasi-fequilibriurrﬂ
cooling rates

Equilibrium
electron density

4

Non-equilibrium
cooling rates

Non-equilibrium
electron density

€7[H,He] €7[C,N,0,Ne,Si,Mg,S,Ca,Fe]

Non-equilibrium Equilibrium abundances for

147 species of elements:
C, N, O, Ne, Si, Mg, S, Ca, Fe

pretabulated J

Ploeckinger et al. 2025

=1

A/ nZ (erg cm ?s7")

Table B1. Summary of primordial and molecular reactions.

Reaction no.? Reaction Reference?

1 H4+e - H +vy 1

2 H +H—->H; +e 2

3 H+Ht > Hf +y 3

4 H+H - H, + H* 4

5 H-+Ht—>H+H 5

6 Hf +e- >H+H 6

7 H, +H* > Hj +H 7

8 Hy+e —H+H+e™ 8

9 H+H—-H+H+H 9,10

10 H,+H,—-H, +H+H 11

11 H+e - H' 4+e +e” 12

13¢ H"+e  —>H+y 13
o Richings et al. 2014 :
10-2' e

NETTEX A H B TTEk



3.2 Baryonic Physics

» Star formation, evolution and stellar feedback

star B
for:_t;:;non elliptical galaxy
(red core and envelope

=old stellar population)
16y 26y 3Gy 4Gy time —Pp

star spiral galaxy
formation
rate

(red bulge =old
blue disk =young)

16y 26y 3Gy 4Gy time —p

EVOLUTION OF STARS

Planetary Nebula stars Outflows
+ISM Q%
Small Star Red Giant i
O‘M White Dwar

o ’ y Hot halo )
_—@— @ —— ’; h Q‘ /
\y ‘ ‘Hcghdens:ty

“*\ ii“*
cool clouds

9

z(cm)

Filamentary

Note: sub-grid physics
models can vary significantly

accretion

n
er stars

across different codes

Low density

warm clouds



3.2 Baryonic Physics

star formation sub-grid models

SF laws from obs. and theory |
* Gadget, Ilustris, TNG series (gas res. ~100pc-kpc)

N

mg  ngyp~0.13cm™>

m
fmolzgas g = (1 = ﬁ)t_g - 4 ,
ter N * 9P tgep,0~2.2 Gyr

* EAGLE (gas res. ~100 pc- kpc)

D.SFR = €ff

_ -1/2 - =072
tff — (37T/32G10g) m, = Me — mg& = A (1M@ pc‘z)_n mg (ngptot)
() Iy Pg &
Lee(Neh . . Lz \7% o
Eep = \nH(Z) = min [O.l cm (m) , 10cm 1 P

tdep,O



3.2 Baryonic Physics

SNe feedback models  Resolution is often poor, must avoid over-cooling!

: ' I — T i m ]
E 105lero e ooowes R_cool(1075 yr) ~ 20 pe
SN — erg : T-10° K TACK  T-10°K | VS.
102) v~10*km s™ v~200 kms' v~10kms™ 1 00 k
ma () - “Velocity TNG res. 100pc-kpc
. / O(m) dm S e ——— : EAGLE res. 100 pc-kpc
mq (t+At) 10'k R_cool !5  FIRE-2res. 0.4-10 pc
’g_ : 410 §-
- r <
— h — n —
BRI EISMIRERE 2 ol I3 -
o F ml'—~ | |
a 3 | b - || |
F;)ngsrd » VP Fs:g;zd i oct _E 10° \Supemova rempant
/ ; RL;:anrfsgzgle 10'15— E \' /’
- . ) Radius 1 <IN
Bl LN o A TN — S NS
o 10° 10° 10* 10°
: ' Time since explosion (years)

Padmanabhan (2001)



3.2 Baryonic Physics

e.g. Varies sub-grid SN feedback models

EAGLE

TNG

SIMBA

FIRE2

AMR SPH Moving Mesh

Thermal only. /
Particles heated by ATgg = 107 K.

Energy set by local p, Z.
No hydrodynamic decoupling.
Dalla Vecchia & Schaye (2012).

Thermal & kinetic. x \
90% momentum, 10% thermal. F el dm ann & Biel'i
n set by local metallicity. free pa ram ete IS
Vwind S€t by opwm, 2. )

Wind elements decoupled. Set by ca I i b rat i on ®

Pillepich et al. (2018).

4) Integrate ejecta over solid angle to faces

5) Verify conservation:
Z AEb = Eej z Amb = Mj

> Apb=0 > |Aps|=pq;

(correct faces if needed)

Thermal & kinetic.

30% of wind particles injected "hot".
17(My) from FIRE (Anglés-Alcézar et al. 2017b).
Vwind (Veire) from FIRE (Muratov et al. 2015).
Wind elements decoupled.

Davé et al. (2019). 6) Boost back to “lab frame”

(account for star-gas motion)

7) Couple ejecta fully-conservatively

\_ J

both momentum and thermal
energy of mechanical ejecta

Hopkins + 2017



3.2 Baryonic Physics

» Growth of supermassive black-hole and AGN feedback

seed: 103 — 10° Mg accretion: Eddington, Bondi, ... feedback: radiation, thermal, kinetic

12 M
slel’::rps'l'eds A : - T Nu;'e:‘o;lt::'?/ / Radiative Kinetic
e expels cold gas reservoir reheats cooling atmosphere
Nuclear cluster of
10BN 2 generation stars e o
rect collapse
AGN
X T A \y 1 v
Mer! f
8 pr otogeaI:):es ‘}*: _.“_
e TN
\ Outflow driven by T
—1 )
- AGN radiation or jet
: 3 '
L e —_— —
* —
4 SMBHs / l \' 4 ‘\
& 41
2 5 leftover IMBHs ‘ ' T ! 4 Reheated
‘ ' : atmosphere
| e oo e .

R ".. w{ \7
' >
9 10 102 108 104 105 108 107 108 10° l =4
Msn (Mo)



3. Cosmological/Galaxy Hydrodynamic Simulation: Successes

Advances in gravity/hydro solvers, baryonic physics and higher resolution
have driven the ‘success’ of galaxy simulations over the past decade.

Baryonic Cycle Morphology Scaling relations

o Williams et al. 2010 (Sa-Sb) = My -
15 o Williams et al. 2010 (S0) A
L o Avila Reese et al. 2008 s o o
[ A Gurovich et al. 2010 4 °@.$/
-y 7
11.0F o Pizagno et al. 2007 s RSy
L (=] .g%. *
0 <33
( b O ®
= 10.5F N c* &
o -
= L ¢
=T 30 £
= ool o 2 2800
g 100 0, UM 2
= 1 o o tegfiee z=0
[ o IR
9.5 o o g0 0
. Ry A 1
i N /”‘x o EAGLE best fit ]
log (p/ <) _ = sk S ’ e Oloen = 0.11
ad -l IRy ¥
‘ R Y / A ]
- . ‘ v 4 /1 R . 09090909090 [ . 4o o L
o ) a 1.8 4 2.6

2.0 2.2 2.
logy) (Vo / km s™1)

Tully-Fisher relation

-1.5 I I 1.5
Radial Mass Flux [M,,, kpc™ Myr™']

Feldmann & Bieri



3. Cosmological/Galaxy Hydrodynamic Simulation: Successes

‘reproduce’ statistical properties
of stars and gas in galaxies

Number density per decade in stellar mass,

dn(M,)/d log,,M, (cMpc-3)

| = EAGLE
—— Horizon-AGN

Galaxy Stellar
K Mass Function

E —— lllustrisTNG °

F — SIMBA

FIREbox °
® SDSS (Li & White 2009)

" ©  GAMA-Il (Wright et al. 2017)

il L1l Lol Lol L ®

1l

1l

108 10° 10'° 10"
Stellar mass, M, (M)

Crain & van de Voort 23

1 !
1012

HI/H, mass

function

1) (Mpc_3dex_1)

F Il TNG100

| TNG300

—— ALFALFA (Jones et al. 2018)

.H2

= Boselli et al. 2014
¢ Obreschkow & Rawlings 2009 T

108

log(®) [Mpc—3dex!]

10°

M (M)

101t 108 109 1010

MH2 (M(D)

1010

Diemer et al. arXiv:1902.10714

SIMBA

IllustrisTNG-100 e \
- - - Halo mass function (scaled: log(®) — 1.5) .
@ & FASHIDR2, 2<0.09, this work '
" $ & FASHI DR2, 2<0.09, this work

1 1

4

6

1 1 1 1
8 10 12 14
log (M1 /M)

Zhang et al. 2026




3. Cosmological/Galaxy Hydrodynamic Simulation: Successes

detail HI distribution and
dynamics in simulated galaxy

TNG50 - 543376

Total HI ma Hl+stars HI metallicity + vel. vector field
el ' ’ :
o | . y [ g
] Voo i g
.§ ’ e = ’ v,
0 . T B
16 17 18 19 20 21

10910 Ny [em™2] 109102 . [Mo/pc?]

moment-0 moment-1 moment-2

10910(M200/M 5)=11.97
10g10(M. /M )=10.79
10g10(Mi/M 5 )=10.04
SFR[M ¢ /yr]=4.14
AGN feedback: kinetic 2

mock - HR

100 kpc

B

— R e —

18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5-150 -100 =50 0 50 100 150 O 10 20 30 40 50
log1o Ny [cm™2] [km/s] [km/s]

Marasco et al. 2025

Regular

MeerKAT - J0052-31
f=0.59 ®

100 kpc
———

MeerKAT - J0335-24
f=0.63

100 kpc

MeerKAT - J0445-59
f=0.52

100 kpc

MeerKAT - J0419-54
f=0.55

MeerKAT - J0342-47
f=0.5

TNG50 - 555601 @
f=0.49

:
@
» 100 kpc 100 kpc 100 kpc
TNG5@- 520885 TNG50 - 559036 TNG50 - 522530
f=0.52 . © f=0.59 f=0.63

100 kpc 100 kpc
TNG50 - 555013 FIRE2 - m12i FIRE2 - m12b
f=0.48 f=0.64 f=0.59
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3. Cosmological/Galaxy Hydrodynamic Simulation: Successes

physics in the starburst and galactic wind in M82

Wang T.R., Zhu, et. al, 2026, MNRAS
Li X.F., Zhu, et al. 2025, ApJ
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3. Cosmological/galaxy Hydrodynamic Simulation: Challenges

EEEEERN
EAGLE TNG100 SIMBA
Schaye et al. (2015) Pillepich et al. (2018) Davé et al. (2019)
) 67.8 h~'Mpc (REF) 1 -1
Box size 16.9 h~'Mpc (RECAL) 75 h~"Mpc 50~ Mpc
6
Element resolution L8l Mo, (L) 1.4 x 10° Mo 1.8 x 10’ Mg

2.3 x 105 M, (RECAL)

Hydrodynamics

Smooth particle hydrodynamics (SPH).

GADGET-3 + ANARCHY.

Springel (2005); Schaller et al. (2015).

Moving Voronoi Mesh (MVM).
AREPO (with MHD).
Springel (2010).

Meshless Finite Mass (MFM).
GIZMO.
Hopkins (2015, 2017).

Star formation

Informed by Kennicutt (1998).
Density & Z criterion (Schaye 2004).
Schaye & Dalla Vecchia (2008).

Informed by Kennicutt (1998).
Density threshold.
Springel & Hernquist (2003).

Informed by Kennicutt (1998).
H, -based criterion.
Krumholz & Gnedin (2011).

Stellar feedback

Thermal only.
Particles heated by ATsg = 107 K.
Energy set by local p, Z.
No hydrodynamic decoupling.
Dalla Vecchia & Schaye (2012).

Thermal & kinetic.

90% momentum, 10% thermal.
n set by local metallicity.
Vwind Set by opwm;, 2.
Wind elements decoupled.
Pillepich et al. (2018).

Thermal & kinetic.

30% of wind particles injected "hot".
17(My) from FIRE (Anglés-Alcézar et al. 2017b).
Vyind (Veire) from FIRE (Muratov et al. 2015).
Wind elements decoupled.

Davé et al. (2019).

AGN feedback

Accretion: modified Bondi-Hoyle.
Feedback: one mode, thermal only.
Particles heated by ATagn = 108 K.
No directionality.

No hydrodynamic decoupling.
Schaye et al. (2015).

Accretion: modified Bondi-Hoyle.
Low fgqq: kinetic feedback.
High fgqq: thermal feedback.
No directionality.
No hydrodynamic decoupling.
Weinberger et al. (2017).

Accretion: Bondi-Hoyle (hot), torque-limited (cold).
Low fg4q (jet-mode): kinetic & thermal.
High fgqq (radiative-mode): kinetic feedback.
Outflows injected as bipolar.
Jets are decoupled for 107* 151 (z).
Anglés-Alcazar et al. (2017a).

Wright et al. 2024

Stellar feedback
Mg, S 101

Moderate
CGM £,

W,

Outflows
TeC
within Ry,

Ry,

Discrepancies in subgrid baryonic physics models across simulations
Degeneracies between model parameters and numerical resolution
Limited resolution or volume

TTTTT T T T T T T T T T T T T T T T T

Lol Lol

|

— EAGLE

—— Horizon-AGN

—— lllustrisTNG

— SIMBA

FIREbox

® SDSS (Li & White 2009)

O GAMA-II (Wright et al. 2017)
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Stellar mass, M, (M,)

1

T
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Crain & van de Voort 23



3. Cosmological/galaxy Hydrodynamic Simulation: Challenges

e.g. Problem:
Significant discrepancies in SF predictions (e.g., CSFRD) across simulations

Lack o

Cosmic star formation rate density,
logqo P, (M, year- cMpc-3)

f resolution convergence without retuning subgrid parameters

— T T T T 25 w
| A 0
* MW; lllustrisTNG = = = lllustrisTNG =z 10 E ! ! ! ! ™ ! oo !
P + MW; EAGLE —— EAGLE S F E ]
/ - . == MD14 (observations) = - = Horizon-AGN ] 2.0 2 — 10~ E o utn_'n l L E|
T IS SN ‘g. C‘I'-’ F n = L] 3
g3 2 10-2E
SRR EQ 10 E
-..__..::\ *EQH s 5 -
_____________ == L 1073 L
""" 1°%% 5, f—— Inomo
s 5 = 10~4 E TNG100
] _l:; T : MTNG740 E
— 0.5 o Q 10—5 [ Gruppioni et al. 2020 3 \ ]
g * Oesch et al. 2018 - = Wright et al. 2017 :
o L] Rowan — Robinson et al. 2015 10_6 F L4 Driver et al. 2022 —a
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3. Cosmological/galaxy Hydrodynamic Simulation: Challenges

Discrepancies in cold gas properties: content, distribution, dynamics
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations

» HI Galaxy Synthetic observation
e.g., spatially resolved H i observations of nearby galaxies
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4. Mock/Synthetic observations

» HI Galaxy Synthetic observation, e.g. lllustrisTNG50+MeerKAT

Table 2. Characteristic parameters for the H1 datacubes of the observed
and the simulated galaxy samples.

Parameter unit HR LR
Field of view ¢ & ~ 1 ~ 1
kpc ~ 350 ~ 350
Beam size ” & 26.4x 182  65.3x64.0
kpc 26x%x1.8 6.3 6.2
Beam PA i 136 92
Pixel size " 5 20
kpc 0.5 1.9
Velocity range kms™! +500 +500
Channel width ¢ kms™! 1.4 1.4
Oms per channel — mly beam™! 0.15 0.25
Minimum Ng? cm™2 510 110"

Notes: ¢ corresponding to the FWHM of the MeerKAT primary beam.
b Sizes in kpc are based on a distance of 20 Mpc. ¢ J0342-47 cubes
have a different channel width of 5.5kms™". ¢ 3¢ sensitivity integrated
over 16 kms™'. With respect to the values listed here, the rms noise per
channel and the minimum detectable Ny; for J0342-47 are larger by 18
per cent (see text).




4. Mock/Synthetic observations

» HI Galaxy Synthetic observation, e.g. lllustrisTNG50+MeerKAT
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4. Mock/Synthetic observations
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4. Mock/Synthetic observations

» HI Galaxy Synthetic observation, e.g. lllustrisTNG50+MeerKAT
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