E%ﬁn§Wﬁ?%Zﬂﬂ
Hﬁ%ﬁﬁnd)Efﬂ

¥+ EH &8

E%ﬁjtﬂﬂ 3
kWﬁ%k?FE%ﬁnﬂ , ».
iﬂ’.iﬁ—l—?ilﬁz ' 'E'E'x_ﬂSﬁ}lz—?" il

g Kentaro Nagamlne TN
X it Osaka/K IPMU/UNLV) e N

{2070
e Y%
d 2>
‘ A
o\ ‘\\‘\;‘
N A’ ;0."“ :’: !\




Ew 7 I\VERFEICH H%E =% 457

FHERMEG : EvI N 5~38FF#%

S EHD,
{v7L—va Vi | _—
- »
. e - _ 4 :;
r o TS - TAY -t RvREn , |
Y71 . ' L GRoRt) S ERaET3 W __
<4 . | NIV IXRIF—IC
BEFPSE R
FHYSHS |
E /7)(/13\b~3875$1£ ﬁm‘bgb‘ﬁﬁﬁfﬂ‘-

Big Bang Expansion

s . s .
FHFHEH~1 3 8FF



» ‘N.'

752 R DERT —

A

EvINIDH5
T ~38T5 %D
2 = ro e
. FERATFE
, - HERRE 2.7 TILEY
i ) 2.7TK D B{FhK 9

— A\»> 105 DLALODESE

" [ NASA WMAPHEDF—4
wre EDHEFEEISRVWAL BE

HNEFHOREEIX
Zholhof-

ESA 20134934




% 77 — % ZilA GO B ORI
o FHERDIZFINF—2100% 35 L,

o ¥ — I NF—UEHRIZZILF—) B ~T70%

o ' — 02y —(KGEWE) D5 ~25%

o YHDOYIE (WA, B E) D ~5% 72!

59— 75—

Dark Matter

~5% (LHEHDOYE)
N—O) I

KA DFHIEF—IVI—L
N=O IR F—ICXAESN-FWLEFH

Dark Energy

4 : NASAZ A




~

o

> A .'l'—-







log,o(resolution elements)

12

-

00

44; Schaoye et ol, 2023

3 potod #3128

: HerngndezAgquoyo et al, 2023
40: Frontiere et ol. 2022
39: Ishiyomo et ol, 2021
38: Heitmann et al. 2021
37: Heitmonn et ol, 2019

6: Nelson et al, 2019

5: Dave et al. 2019
34: Springel et ol. 2017
33: Emberson et al. 2017
32: Poller et ol, 2017
31: Bocquet et al. 2016
30: R o nin et al, 2017

9: monn et al, 2014
8: e et al. 201
27: V sber er el ol, 2014

26: Khondoa et al. 2014
25; Dubois et al, 2014

4: Saro et ol. 2014

3: VanDaoalen et ol. 2014
22: Hirschmonn et ol, 2014
21: Dave et al. 2013

20: Puchwein et ol, 2013
19: Angula et al. 2012

18: Cui et ol 2012

17: Vogelsber er et ol 2012
16: Dave et o

15: Chen et ol 2010

14: DeBoni et al. 2011

13: Schoye et ol, 2010

12: Plonelles et al. 2009

11; OJonhoumer et ol. 2008
10: 80' tteo et ol 2008
09: et al.

08: Sp rm el et ol 2005

07: Koy et ol. 2004
06: Borgoni et ol. 2004
05: &nngel et ol. 2003
: Murali et al. 2002
03: Dove et ol, 2001
02: Pearce et al. 1999
01: Kotz et ol, 1996

00: Metzler et al. 1994____ @@@ ____________ 1283

1995

2000

12,2883
Farpoint

12,8003
Uchuu

FLARAINGO

)
----------------------------------------------------------------- 25 1

N-bOdYE _______________ . IVIa netlcum
,W/ MHD & CR
) 10243 ',"
Cooling & SF w/AGNFB .-’
@ @ . s” -
) S
2563 : 1GB x 100 snapshot ~ 100GB / run
5123: 10GB x 100 snapshot ~ 1TB / run
10243 : 100GB x 100 snapshot ~ 10TB / run
2005 2010 2015 2020 2025

Year



dark matter-only (N-body) dark matter + baryons (hydrodynamical)

= . GADGET-3 [l z=8

Aquarius

Phoenix

zoom (details)

APOSTLE

Via Lactea ___ . AGORA
Millennium-Ii llustris g i code comparison
| ‘ | project

Ny

-~

large volume (statistics)

Romulus25

Millennium_ % ' Bolshoi

Vogelsberger+’19 ' |

Roca-Fabrega+’21 (incl. KN)




=1 CROCODILE cosmological s X +

C 25 sites.google.com/view/crocodilesimulation/home Q Y

CROCODILE cosmological simulation Home . SimulationSuite  Gallery O

CROCODILE

Welcome to the homepage of CROCODILE simulation project! CROCODILE simulation have been run with the GADGET4-Osaka code (Romano et al.
2022a, 2022b; Oku & Nagamine 2024), a proprietary modified version of the public GADGET-4 code (Springel et al. 2021). GADGET4-Osaka uses TreePM
to solve for gravity and the pressure-based entropy-conserving formulation of smoothed particle hydrodynamics (SPH) to solve for hydrodynamics. The SPH

implementation includes artificial viscosity using velocity field reconstruction, artificial conduction, and a wake-up timestep limiter to ensure capturing subgrid
physics effects in hydrodynamics. The CROCODILE implementation of galaxy formation physics includes radiative cooling and photoionization, star
formation, stellar evolution considering a metallicity-dependent stellar initial mass function and hypernova fraction, dust evolution, stellar feedback, and
supermassive black hole (SMBH) formation and feedback. Radiative gas cooling is implemented using the Grackle cooling library (Smith et al. 2017) with

the ultraviolet background radiation of Haardt & Madau (2012). A non-thermal pressure floor is applied to prevent unphysical fragmentation. Dust production

and destruction are modeled on-the-fly with 30 dust-size bins considering the diffusion of dust and metals (Hirashita & Aoyama 2019; Aoyama et al. 2020;

) Romano et al. 2022a). The stellar feedback includes supernova momentum input and galactic wind, which are modeled based on high-resolution

simulations of superbubbles (Oku et al. 2022; Oku & Nagamine 2024), as well as enrichment of 12 metal elements due to type-Il and la supernovae and

https://sites.google.com/view/crocodilesimulation/home



CROCODILE

Cosmological hydROdynamical | NS
simulation of struCture fOrmationand = =% &8 =
feeDback physlcs in gaLaxy Evolution | )
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> =053 Y Understanding
- 1013
CROCODILE | t=8.38Gyr y the matter
simulation 0" distribution:

=

> 1ot DM, gas, stars

% o HI, metals, dust, ...
GADGET4- E
OSAKA code S 102~ 10° 0% R 107 25 & 50 Mpc/h

Temperature [K]

\ Star formation
SN & AGN fb
UVB

+ 100, 200, 500 Mpc/h
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Oku & KN 24 ApJ
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_ osmology and Astrophysics with
L VlachinE Learning Simulations

https://www.camel-simulations.org

e 7 A set of 14,000+ simulations:

LA AN o RS .
ﬁ““o o~ e 0,000+ N-body sims

f 9 e 8,000+ state-of-the art hydrodynamic sims

;1;'1?;':::-}4 Hydrodynamic sims w/ 9 different codes/subgrid models:

e 1) ustrisTNG, 2) SIMBA, 3) Astrid, 4) Magneticum, 5) SWIFT-
A g EAGLE, 6) Ramses, 7) Enzo, 8) CROCODILE, 9) Obsidian

- Variations in cosmological & astrophysical parameters
2-4 cosmological & 4-30 astrophysical parameters

- Hundreds of thousands of snapshots & galaxy catalogs

- Designed for Machine Learning Applications




https://www.camel-simulations.org/

=4PB and increasing. (iusrTg 7 CROCODIE
. . * SWIFT-EAGLE
Now L25 & L50 Suite ©SIMBA . Ramses
~1.6PB ° Magneticum : EDnlzcgl.

SB LH 1P CV EX

5 cosmological ,,, 0g (,,,0g Same cosmology & Same cosmology
parameters Asn1, Asno Agn1, Asnz astrophysics Extreme astrophysics
| ApcN1,AAGN2 ApcN1 AAGN2
Most astrophysical
parameters
Different random Different random Same random Different random Same random
seed seed seed seed seed

1,024 simulations 1,000 simulations ~80 simulations 27 simulations 3 simulations
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Differentiable Simulations (#{% 7]

Normal Forward Simulation

Forward Simulation

H /E\ Likelihood Calculation

®o Up U, U, Uy @, > L < data

ESHFEHZZELES, IREDFHICEKDESGSDIH?
FEHYEFZOMER. HE. Efi. MCMC, ...

e.g. Horowitz+ ’25a; Horowitz, Lukic, KN, Oku ‘25
| il e J 2B



-
N

Differentiable Simulations (Wﬁﬁjﬁ Zalb—v3Y)

Forward Simulation
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Likelihood Calculation

®o Uy U, Us Uy O > L < data
Update Backpropogation dLl
dH dH dObS
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Use gradients to optimize (like training a neural network) or sample w/ gradients (HMC)
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Mock Simulation

Reconstruction

jaxPM + diffhydro cosmological simulation
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Dark matter particle candidates

DM particle mass mDM

GeV-TeV CDM Thermal relic WIMP | (10GeV ~ 1TeV)

Vih &~ 0km/s

(ct. self-interacting DM)

ke ' WDM becomes non-relativistic earlier than CDM;
| w ~0.03km/s SUPPress perturbation at galactic or smaller scales
(gravitino, sterile neutrino,...)
a\/ HDM remains relativistic until late time, and erase
vin =~ 30km /s structures at super-galactic scales. (v,...)
ueV~meV standard QCD-axion
~1022¢eV FDM (Fuzzy DM; axion-like, ALP, ULA)



(b) projection

subhalos

caustics

interference
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