L -

ITEFEDQKIRIRS =1L —23(CD0NT

APRKEFE
a/K —ifk

{Zﬂi(“d) simulation O1EH
ITI. EAGLE project
Schaye et al. 2015, Crain et al. 2015
III. Illustris, IllustrisTNG project

IV.FIRE-1, FIRE-2 project
Hopkins et al. 2014, 2017a, 2017/b
\V. SEORE

Vogelsberger et al. 2014a, 2014b, Pillepich et al. 2017

~
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zoom-in simulation TUNNTERN IR OAEEEDIAZTH,
large cosmological box (L ~ 100 Mpc) TERIBE(CRDIASDT.
= TR0 DEHANS. TR0 (FEEZ ol RIARDEFRNADRRE
— LIV THEMRALLTIFEALDYPIBIRSR(E subgrid
= cosmological simulation QAR
= EAZEHRCEWTEATORERARIR TR TETVD ?

400 particles 2x18203 particles
: l:t'..l b e e

lllll

e NG00

Miyoshi & Kihara 1975 IlustrisTNG



Subgrid physics M T E %

B U#EAZF (MW size zoom-in simulation). R221—-RTETULER

G3—GIMIC

ARV —-DRAF—LhBEBEH,
JNUASADIEDEDIR NI 2ERTE

’ Aquila comparison project
1010 ) | | L .
5.0x10" 1.0x10" 1.5x10"% 2.0x10" Scannapleco et al. 2012

Mago [Mo]




Cosmological Simulation T
(A KED) ZZATVDYIEEETE

HARED simulation THEADTWLRED

v Gravity
v Cooling/heating with UV background
v/ Star formation with a certain IMF
v' SN feedback
v'Metal yield (from SNII, SNIa, AGB + NSM)
= mfifcé CELib (Saitoh 2017) MEFIT{ELWRT L)

TOARDYIEETE

v AGN feedback
v’ Radiative feedback

(photoionization, radiation pressure, etc)
v' Magneto-hydrodynamics (MHD)




AIRIAZEHIZ

atVEUEISE

AN

AN NN VAN AN

Star formation history

Stellar mass function

Stellar to halo mass ratio
Mass-metallicity relation

Galaxy size evolution

Star formation rate function

Star forming galaxy main-sequence
Down-sizing for galaxy

Co-evolution between galaxy and SMBH
etc

18l < DRI DER IS

AN NI NI RN

Kennicutt-schmidt law

Morphology

Structure (velocity, gas, etc)

Radial profile (stellar, gas, metallicity)
Phase-diagram

etc



5170 simulation OIRIRZLBI 19 BH](C.
Feedback OEWDINWVZDULIFIER



dn/dlogM,,, [Mpc™ dlogM™']

10 grem
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107
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107°
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Feedback OEE4

Stellar mass function at z=0

<upernova?

|| T LELELRLALL | T LELELELALL | T T TTTTET T TTTTTET T Ty T IIIIIIII T
2=0

Halo mass function

i

(=]
o

o
©

'1"612

Stellar mass [Mg]

Observation data: Li+'09, Baldry+'11

£ halo mass (X935, 2RZRRIZENIED

Stellar to halo mass ratio
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= feedback (DE
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ZAERY?) simulation (CHITB
SN Feedback MHYNKL

® Thermal Feedback
SN energy ZZAIRINF—ELT. ADOHAICEZS

MifEm: EEAEIEROZEE NSV (=cooling time F2\)) (.
BIRNF-Z25XTHHEVORITRATUEDS

fi#: —EHAM. cooling Zt)3 e.g., Thacker+'01, Stinson+'06

®Kinetic feedback
SN energy ZEHIRILF—ELT. ADDHRICEZS

HANRETDEN IR
iR —EHAR. A EERZNY)S
e.g., Springel+’03, Oppenheimer+’06, Okamoto+'10, etc



(588RY ? ) Kinetic SN feedback DL

sRBADFIC—DEER/SX—45— (Mass loading factor) Z#B7T

{,’7 _ MW J Mw = winds mass per unit time

M M, = star formation rate
>k

CNET. FILLTO3IDDETILAMEHNTLS

winds velocity| Mass loading rate
Energy-driven winds | Dw OX Ve OC Vf2
VIr 7) vir
Momentum-driven winds| Uw X Vi OC VT]‘
Constant winds models | vy = CcoOnNnst. 7 — const.

wind velocity (&, /\O—OEVU7ILRE (FO0-/VLRME) Z2{FE>T
RSN TVBEITER.



AGN Feedbacks

SMBH ADBEEBRCEUT, 2 00E—Rhi%2 [
®Quasar mode feedback (standard disk#Y)

v AGN BDDH A%z EIZNNER
v COE-REIEEERIEVNVEGS (Mgy ~ MEegq)

®Radio mode feedback (ADAF, RIAFEY)

v'Halo ADOH AzE#ENIE (ANG Jet/outflow)
vZDE— I\(IBIF%TDWEEL\% ( MBH << MEdd)
VIEERIEVD, IR F—EHZhE

ZLAIAY(C AGN feedback N"EFzpkEIIHIL TS
EZB LA (B ?),




BH gas accretion €7 )Lt

OBH DEEH

VIRIDBEN 1010M, ZHBXZ5. 10°M, ® BH %
SRR DMCES (FEDNTVSSEAT)

®Bondi accretion rate (+ Eddington limited)

vBH NOBERAETIRHDIONELYIES (p, ., V) [
BH BDDHADBEHRNSETE TS
v Springel+'05, Hopkins+'06, Li+'07, Booth+'09, etc

®Radiation drag model (Kawakatu & Umemura’02)

vBH \OFEEZ(L, UL OESR(ICEEHIZES
= FEAZARLE (~kpc) OIEE
v'Okamoto+'07



AGN Feedback OE&F V1L

®Quasar mode feedback
vBH OFEIDZEZEINE (ASDIRIF—: Li, = nipMepc?)

v HiH

N

R TR E—ZR: ne, = 0.005 ~ 0.01

v'Springel+'05, Hopkins+'06, Li+'07, Booth+'09, etc

®Radio mode feedback

‘/BIF%Tb\'ﬂEE(/\i% (L'fEJJ(:E |\ (MBH/MECICI < 0. Ol)
v halo H Az BEiEZINZEL (Lfb = N MiHc” )

v ERI R TR E - nep ~ 0.1

v'Okamoto+'07/, Sijacki+'07, ‘08, ‘09

SN feedback &8> TIRIRTEH. CNHSOEWNDIR LS. LEHNTLVS



32001 MBI BRED

VIEEIANTIBREN TLDN, BIAFTEADLE
DI THLLEZEN TS,

VIR HP DME-ThD
A t HL (0D

é‘ﬂb\ﬂ

X

= ffi%/\d)i%r_c ?
v Simulation data ’A—7>79t
= VWAARIAFRAIFEO>TESRD

v IR 2=0 &

= ETINOZIMEN—

il
LU
N>,

KA RANIE>TEBRD

LT (Brak?) sTELTLS

AR (T28A)



EAGLE project

The EAGLE project: simulating the evolution and assembly of galaxies
and their environments

Joop Schaye,'* Robert A. Crain,' Richard G. Bower,” Michelle Furlong,’
Matthieu Schaller,? Tom Theuns.*® Claudio Dalla Vecchia.*> Carlos S. Frenk.*
1. G. McCarthy,’ John C. Helly,”> Adrian Jenkins,” Y. M. Rosas-Guevara,’
Simon D. M. White,” Maarten Baes.,® C. M. Booth,"” Peter Camps,”

Julio F. Navarro,'” Yan Qu.? Alireza Rahmati,’ Till Sawala,’

Peter A. Thomas'! and James Trayford?
MNRAS, 446, 521 (2015)

Eagle HP: http://icc.dur.ac.uk/Eagle/



EAGLE project

Simulation set-up

Name L N Mg Mdm € com € prop

(cMpc) (M) (M) (comoving kpe)  (pkpe)
L025N0376 25 376 1.81 x 10°  9.70 x 10° 2.66 0.70
LO25N0752 25 7523 226 x10°  1.21 x 108 1.33 0.35
LOSON0752 50 7523  1.81 x10° 9.70 x 10° 2.66 0.70
[L100N1504 100 1504  1.81 x 10° 9.70 x 10° 2.66 0.70|

Cost for simulations

L100N15040imE

v Memory: 32 TB
v CPU time: 4.5 Million CPU hour

= 1000 cpu %] (xc30 TEIEENMELNZRL) TKI2 0 0 H
v Data size: 21 100 TB

AR CTEANTORLCEELEULL?




Feedbacks Treatment for EAGLE

v Thermal feedback (SN, AGN: Dalla Vecchia+'12)
OSN feedback. AGN feedback ¢BICEIUFE
OFeedback (CEDNNEASNBEZEDREZ/INTA=HELTRDD

= Cooling N IEXNERBIGPRETHNEL
= SN feedback: ATgy = 107K =t
= AGN feedback: ATyan = 109K e}
= MIFASNIZAZDCooling (FEISL *: Lo

v —FD SN THIEATE 3 ARIFDEZX
( il ) (M. =M, DIBE)

10¢ 108  10°
T/1 (K]

Agartz+'14

Nea ~
< h t) 107-5[K]

= ZEFRD simulation Tl&. BRI FICHESGRAICTD TS
= AUWVWIRINF—DESZBRVEENHD
= MNEAG A BR IR F—HETERFE TRIE LA



EAGLE project

J\WILDOEXX




EAGLE project

Stellar mass-BH mass relation

Stellar

mass function

L O S

= Behroozi+ 13
Moster+ 13

T T T
e, \ — Ref~L100N1504 ]
TR 11 1 ]
= i ® o ]
= F Li] ]
S -Pp E
~ ]
= o GADGET3 ]
= r m===  Oppenheimer et al 10 7
o r = Puchwein & Springel 13 7
a —3F = Khandai+ 14 E
= r (MassiveBlack—II) b
= b AREPO ]
o r Genel+ 14 7
E Hiust ]
091 4 B (Hustris) E
o F ® L & White 09 ]
O Baldry+ 12 \ .
—5\\|| Ldd
7 8 9 10 11 12
190G, M, [Mg]
Stellar to halo mass ratio
0.0 7' L B I L
i == Ref—L100N1504
[ = AGNJT9—LO50NO752
051 == Recal-L025N0752
—1.0F
RPN 4

10

M 12 13 14
0G5 Magg [Me]

15

12 + log,, (O/H)
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1
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log1p M, [Me]

Mass metallicity relation
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Illustris project

Introducing the Illustris Project: simulating the coevolution of dark
and visible matter in the Universe

Mark Vogelsberger '* Shy Genel,” Volker Sprmgel 3+4 Paul Torrr:)y,2 Debora Sijacki,’
Dandan Xu,’ Greg Snyder,® Dylan Nelson” and Lars Hernquist?

MNRAS, 444, 1518 (2014)

IllustrisTNG project

Simulating galaxy formation with the IllustrisTNG model

Annalisa P1l]ep1ch 2% Volker Springel. 354 Dylan Nelson,”* Shy Genel,*’
Jill Naiman,? Riidiger Pakmor,® Lars Hemqurst Paul Torrey,®
Mark Vogelsberger,“[ Rainer Weinberger® and Federico Marinacci®

MNRAS, 473, 4077 (2018)

Illustris HP: http://www.illustris-project.org/
IllustrisTNG HP: http://www.tng-project.org/



Illustris project

Simulation set-up

Name Volume DM particles/hydro cells/ €baryon/€DM Mbaryon /MDM ré’jjf ;rr?}ail']' Description
(Mpc)? MC tracers (pe) (10°M@) (pe) (10° M)

Ilustris-1 106.5° 3 x 1820° = 18.1 x 10° 710/1420 12.6/62.6 48 0.15 Full physics

Mlustris-2 106.5° 3x 9107 =23 x 107 1420/2840 100.7/501.0 08 1.3 Full physics

Mlustris-3 106.5% 3 x 4553 20.3 x 10 2840/5680 805.2/4008.2 273 15.3 Full physics
Hlustris-Dark-1 106.53 1 x 18203 710/1420 —/75.2 - — DM only
Mlustris-Dark-2 106.5° 1 x910° 1420/2840 —/601.7 - — DM only
lustris-Dark-3 106.5° 1 x 4553 2840/5680 —/4813.3 — — DM only

Mlustris-NR-2 106.5° 2x910° 2 1.5 x 10 1420/2840 100.7/501.0 893.8 6.6 No cooling/SF/feedback
Ilustris-NR-3 106.5° 2 x 455° 20.2 x 10° 2840/5680 805.2/4008.2 23228 394 No cooling/SF/feedback

Cost for simulations

Illustris-10%S

v Memory: 25 TB with 8192 pu
v CPU time: 19 Million CPU hour

= 1000 cpu %! (xc30 TRIEGENMELINZRL) THI8 0 0 H
v' Data size: 230 TB (1.5 TB/snapshot)



IllustrisTNG project

Simulation set-up

Series Run Boxsize Npas Nim Niracer M, Mdm €
[fr'Mpec]  [Mpc] ‘ [A~'M,] (1M [ 'kpe]

TNG300  TNG300(-1) 205 3026 25000 2500° 250070 744%10°  3098x 10 1.0
N CA-2 205 U226 1250F 12507 12507 A EER L S Y= 107 2.0
TNG300-3 205 302.6 625°  625° 6250  476x10°  255x% 107 4.0
TNG300-DM(-1) 205 302.6 2500° 473 % 107 1.0
TNG300-DM-2 205 302.6 12503 3.78 % 10° 2.0
TNG300-DM-3 205 302.6 625° 3.03x 107 4.0

TNG100  TNGI100(-1) 75 1107 1820°  1820° 2% 18200 044x10° 5.06x 10 0.5
TNG100-2 75 1107 910°  910° 2% 9103 755x10° 4.04x 107 1.0
TNG100-3 75 1107 455% 4557 2% 455 6.4 x 107  3.24x 108 2.0
TNG100-DM(-1) 75 1107 18203 6.00 % 106 0.5
TNG100-DM-2 75 1107 910° 4.80 % 107 1.0
TNG100-DM-3 75 1107 4553 3.84 % 108 2.0

Cost for simulations
TNG300MDiEE

v Memory: 40 TB with 24000 pu
v' CPU time: 34.9 Million CPU hour

= 1000 cpu %] (xc30 TRIEGENMELNARLY) THI1500H
v Data size: #1828 TB



Subgrid physics MBI

Star formation
v IEROEDIRVEEIZE (springel & Hernquist ‘03)

SN feedback

v {EROEWIRVEESZE (energy driven wind BY)
v Metallicity dependence

AGN feedback

v IEEROEDIRVE RIS
Illustris: quasar mode, radio mode
IllustrisTNG: High/Low Accretion State
= low mode (& kinetic feedback



Illustris (not TNG) ORI
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IllustrisTNG project

g My, =111 kg M, =110

fiducial TNG +
Stellar Density
220 %

02
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IllustrisTNG project

Stellar mass function Stellar mass-BH mass relation
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Interesting result (W% NDE

IllustrisTNG project

Star formation history

= no B fields

I
| | \— fiducial TNG
= fiducial Illustris
=== no galactic winds []
=== no BHs/feedback []

Oesch et al. 2015 (comp)
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=
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e
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M 1
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= fiducial [llustris
== no B fields

=== no galactic winds
= no BHs/feedback

"=== no BH kinetic feedback
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FIRE project

Galaxies on FIRE (Feedback In Realistic Environments): Stellar
Feedback Explains Cosmologically Inefficient Star Formation

Philip F. Hopkins*', Dusan KEI’Ebj' José Ofiorbe*, Claude-André Faucher-Giguere*,
Eliot Quataert?, Norman Murray®’, & James S. Bul]@cl(“1

MNRAS, 445, 581 (2014)

FIRE-2 project

FIRE-2 Simulations: Physics versus Numerics in Galaxy Formation

Philip F. Hopkins*', Andrew Wetzel'>f, Dusan Keres*, Claude-André Faucher-
Giguere’, Eliot Quataert®, Michael Boylan-Kolchin’, Nmman Murray®, Christopher
C. Haywardg, Shea Garrison-Kimmel', Cameron Hummels Robert Feldmann®!°,
Paul Torrey!', Xiangcheng Ma', Daniel Anglés-Alcdzar’ Kuncr Yi Su!, Matthew Orr!,
Denise Schmitz!, Ivanna Escala , Robyn Sanderson', Mlchael Y. GlUdlC Zachaly
Hafen”, Ji-Hoon Kim'2, Alex Fitts . James S. Bullock”, Coral Wheeler!, T. K. Chan®,
Oliver D. Elbert!3, Desika Narayanan”

FIRE, FIRE-2 HP: https://fire.northwestern.edu/



FIRE, FIRE-2 project

Simulation set-up

Simulation My Ryir M, Ry /2 M 1000 €gas. O Notes
Name M1 [kpel  [Mo]  [kpel | [1000Mc1  Ipcl | Ipcl
Ultra-Faints [ My, < 10" M)):
mi9 2.4e9 35.6 9.4e3 0.29 0.25 1.1 65 early-forming, ultra-faint field dwarf
Low-Mass Dwarf (Mpa0 ~ IO]OM._:;} Sufvey:
mllq 5.0e9 524 1.8e6 0.63 0.25 0.52 73 isolated dwarf, early-forming halo
Intermediate-Mass Dwarf§ (10" Mo, < Mya, <J1077 M)

mloz 3.5el10 85.6 3.5e7 2.1 0.26 0.21 130 ultra-diffuse galaxy
mlla 4.1e10 90.5 1.2e8 2.7 2.1 4.3 310 diffuse. large core
mllb 4.3e10 92.2 1.1e8 2.4 2.1 2.9 250 intermediate-forming

Milky Way-Mass “Latfe” (Mpao ~ 1072 M, | Halos:
m12i 1.2e12 275 6.5el0 2.9 7.0 0.38 150 “Latte” primary halo
ml2f 1.6e12 306 8.0el10 4.0 7.0 0.51 130 MW-like halo
ml2m 1.5e12 301 1.2ell 5.6 7.0 027 180 earlier-forming halo, boxy bulge

2 U0, FIRE simulation TATok AT TRANCE LT
Features of FIRE, FIRE-2 simulation
Zoom-in simulation

v Resolution (B, Z2fH) MEELERTERERSL

= FRIAZRE IR DA ADIEEFDF R iEZsmH TS
v st E0iEmZ I dDIEELL)
v IMF weighted #2ME%F|H



Feedbacks Treatment for FIRE

v Kinetic feedback (Hopkins+'17)
O =EEFED simulation #55 (Cioffi+'88) &FIFH
OENEEARIACEBULTET U )
OResolution dependence HVI\&W (72 ?)
Olocal BYPEE (BE. XA 71—) I TETETES
P~ 48 % 107 ( Bsn )13/14 ny YT 0372
O X ( 3) f(Zb)

Maokm s—1 — 105terg cm—

X f(Zp) =2 (Z]Zy <0.01)
X f(Zy) = (2]Z)" (2]Zo < 0.01)
S s. & E
o FIRE Sub — Grid e ]
= 45 8 Tl"jcrnmlllHchrcllLu) '?-.O.O.;w ...... © =
= >*( ELlH}-’-%inclic | & :
= 1ly-Therma . - 3
E A0p 7 ALnn%ytic ] * 'ﬂ’* * E
[;'S 35 ||||||||||||||||||||||||||||||||||

Resolution log (m; / M)



FIRE, FIRE-2 project

FIRE-2 milky way type galaxy Comparison FIRE with FIE-2

FIRE-1




FIRE, FIRE-2 project
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FIRE, FIRE-2 project

FIRE-1 SPH

10 kpc

FIRE-1 SPH+
%. Stronger Mixing

CGM (20 < r < 275kp
-5-4-3-2-10 1 2 —5-4-3-2-10 1 2 -5-4-3-2-10 1 2 —-5-4-3-2-10 1 2
= | 2
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(b) w/o AGN FB
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Cosmological simulation
with dust formation

Large dust Small dust
7.50 v _ y m3.5 ' e —
7.25 20858 4.0 205 4
47.00 IR 3.5 o
6.75 10P%s 3.0 1088
6.50 2.5
6.25 O 42.0 o]
- 6.00 g o 41.5 '
5.75 —10 s 1.0 —10fs
5.50 0. e | B0.5 4
5.25 —20 M= { §0.0 —20FEses :
-20 =10 0 10 20 - -20 -10 0 10 20
Mpc Mpc

10.5

=10.0

Aoyama, IS et al, 2018

I'. .I . |.;. : ...f: i =1 1
-3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5
logyy(Z/Z )




