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If your experiment needs statistics, you ought to have done a better experiment.

Ernest Rutherford
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Complex yet : Complex yet
incomplete and noisy v physically uncertain
observations simulations
Physical under-
standing/insight
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Simon D M White

for his contributions to understanding structure formation in
the Universe. With powerful numerical simulations he has
shown how small density fluctuations in the early Universe

201 7 develop into galaxies and other nonlinear structures, strongly
supporting a cosmology with a flat geometry, and dominated
by dark matter and a cosmological constant.

Read More >
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groups_010 2446 groups_057 groups_092
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The Munich galaxy formation model: L-Galaxies o -

[ 43 |
LGalaxies 2015 + new parameters + 10
CSST T

|
<
T
* Solving the time convergence problem with a New disruption & 10~
N
)
models =
.. : : =
* Emission Line Galaxies =
Line ratios - CLOUDY'13.03 1041 -
* Geometry hemical contents ionizing spectrum metallicity (Z)
* 1onizing parameter (U) Hydrogen density (ny )
1000

e AGN Luminosities

Main releases

star forming galaxies at z~0
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coldGas real  phys.mass 1010 Msyn /h  Mass in the cold gas disk.

stellarMass real phys.mass 1010 Msyn /h  Total mass in stars in the disk and the bulge together.

bulgeMass real phys.mass 1010 Mgun /h  Mass of stars in the bulge.

diskMass real  phys.mass 1010 Mgyn /h  Mass of stars in the disk.

hotGas real  phys.mass 1010 Mgyn /h  Mass in hot gas.

ejectedMass real  phys.mass 1010 Msyn /h  Mass in the ejected gas component.

blackHoleMass real  phys.mass 1010 Msyn /h  Mass of the central black hole.

icmStellarMass real  phys.mass 1010 Mgyn /h  Mass in intra-cluster stars

metalsColdGas real phys.mass 1010 Mgyn /h  Mass in metals in the cold gas disk.

metalsStellarMass real phys.mass 1010 Mgyn /h  Mass in metals in stars in the disk and the bulge together.

metalsBulgeMass real phys.mass 1010 Msyn /h  Mass in metals in stars in the bulge.

metalsDiskMass real  phys.mass 1010 Mgyn /h  Mass in metals in stars in the disk.

metalsHotGas real  phys.mass 1010 Mgyn /h  Mass in metals in hot gas.

metalsEjectedMass real phys.mass 1010 Mgyn /h  Mass in metals in the ejected mass component.

metalsICMStellarMass real phys.mass 1010 Msyn /h  Mass in metals in intra-cluster stars

primordialAccretionRate real phys.SFR Mgynlyr Accretion rate of primordial gas.

coolingRadius real  phys.size.radius Mpc/h The radius within which the cooling time scale is shorter than the dynamical timescale
coolingRate real  phys.SFR Msun/yr Cooling rate

coolingRateNoAGN real phys.SFR Msynlyr Cooling rate if there was no AGN feedback.

quasarAccretionRate real phys.SFR Mgynfyr Rate at which cold gas is accreted into the central black hole in the quasar mode.
radioAccretionRate real phys.SFR Msun/yr Rate at which hot gas is accreted into the central black hole in the radio mode.
sfr real phys.SFR Msun/yr Star formation rate

sfrBulge real  phys.SFR Msynlyr Star formation rate in bulge.

xrayLum real em.X-Ray logqp(erg/sec) Logqq of X-Ray luminosity in erg/sec

bulgeSize real  phys.size.radius Mpc/h Half mass radius of bulge

stellarDiskRadius real  phys.size.radius Mpc/h Size of the stellar disk, 3x the scale length.
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Huge simulations — State of the art

Vi Np mp Esaf zrange  Nsnap Halofinder

Name Code /

[h—1Mpc] [10°] [h—1Mg] [h—1kpc] Mergertree
Horizon Run 3 GOTPM 10815 370 2.5 x 101! 150.0 - - -
Bolshoi PL ART 250 8.6 1.6 x 108 1.0t 10.80] 178 BDM, FOF, Rockstar / Consistent Tree
Small MultiDark PL GADGET-2 400 57 1.5 x 10° 5.0 [0,120] 89 FOF, Rockstar / Consistent Tree
MultiDark PL GADGET-2 1000 a7 1.5 x 109 30 ~ 10f [0,120] 89 BDM, FOF, Rockstar / Consistent Tree
Big MultiDark PL GADGET-2 2500 57 2.4 x 1010 30 ~ 10T [0,100] 80 BDM, Rockstar / ?
Huge MultiDark PL GADGET-2 4000 69 7.9 x 101V 50 ~ 25T [0,100] — BDM, Rockstar / ?
Horizon-411 RAMSES 2000 69 7.8 x 10° 7.6 _ it =
DEUS FUR RAMSES-DEUS 21000 550 1.3 1= 40.07 [0, 106] 31 PFOF-DEUS / ?
Pangu L-GADGET-2 1000 29 2.5 x 10° 7.0 [0, 127] 64 FOF, SubFind / MPA Tree
Tiangong Pathfinder L-GADGET-3 1000 232 3.72 x 108 4.0 [0, 63] 128 FOF, SubFind / MPA Tree
2 GOL GREEM 1120 550 29 w 10P 4.3 [0, 127] 51 FOF, Rockstar / Consistent Tree
Shin-Uchuu GREEM 140 262 8.97 x 10° 0.4 [0, 127] 5 FOF, Rockstar / Consistent Tree
Uchuu GREEM 2000 ~2000 3.27 x 108 4.27 [0, 127] 51 FOF, Rockstar / Consistent Tree
Euclid Flagship PKDGRAV3 3780 ~2000 ~ 2.398 x 109 4.8 [0, 49] — Rockstar / ?
Euclid Flagship v2.0 PKDGRAV3 3600 ~4000 ~1x10° — — —
Q-Continuum HACC 923 ~550 1.05 x 108 S [0, 200] 101 FOF / Rangel, E. et al. 2020
Outer Rim HACC 3000 ~1070 1.85 x 10° — [0, 200] 99 FOF / Rangel, E. et al. 2020
Millennium L-GADGET-2 500 10 8.6 x 10% 5.0 [0, 127] 64 FOF, SubFind / MPA Tree
Millennium-II P-GADGET-3 100 10 6.9 x 10° 1.0 [0, 127] 68 FOF, SubFind / MPA Tree
Millennium-XXL L-GADGET-3 3000 300 6.2 x 10° 10.0 [0, 63] 64 FOF, SubFind / MPA Tree
Hyper-Millennium GADGET-4 2000 2000 3.4 x 108 3.0 [0, 63] 128 on-the-fly




PE R UE AR A

Volume [_] Sg;?:i?egf < Linear perturbation theory >| Zoom [H| In;l;vl;c:(l;al
> Y s g gl un 2L H
e 7€ T HT R SR
___________________________________________________ L.
Gravity Dark matter Dark energy Initial conditions

e Newtonian gravity in an
expanding background
* Modified gravity as dark

matter alternative
* Modified gravity as dark
energy alternative

* Cold dark matter

* Warm dark matter

e Self-interacting
dark matter

e Fuzzy dark matter

e Cosmological constant

* Dynamical dark energy

* Inhomogeneous dark
energy

* Coupled dark energy

e Inflation-generated
initial perturbations on
top of homogeneous
Friedmann model

i — s, s

Yo 2H 7 2 sk

Collisionless gravitational dynamics

* N-body methods based on integral (P o
Poisson's equation ® © © 0©®
(such as tree, fast multipole) ® © o @ )

* N-body methods based on differential e 0 @ o
Poisson's equation ®e0 o © PN
(such as particle-mesh, multigrid) o ©

* N-body hybrid methods (TreePM) e ¢ ©

* Beyond N-body methods
(such as Lagrangian tessellation)

Vogelsberger, M., Marinaccr, F., Torvey, P. et al. Cosmological simulations of galaxy formation. Nat Rev Phys 2, 42—66 (2020). https.//dolorg/10.1038/s422 54 -O1

Dark matter

Hydrodynamics

® Lagrangian methods
(such as smoothed particle
hydrodynamics)

e Eulerian methods

(such as adaptive mesh refinement)
e Arbitrary Lagrangian—Eulerian methods

(such as moving mesh)
®* Mesh free/mesh based

Gas



Galaxies are strongly coupled, highly nonlinear, multi-scale and

multi-physics systems with timescales << the Hubble time

Most important astrophysical processes
|

! Gas Interstellar Star Stellar Supermassive Active Magnetic Radiation Cosmic )

cooling medium formation feedback black holes  galactic nuclei fields fields rays

Atomic/ Effective Initial stellar Kinetic/ Numerical Kinetic/ Ideal MHD/ Ray tracing/ Production/

molecular/ equation of mass thermal/ seeding/ thermal/ cleaning Monte Carlo/  heating/

metals/ state/ function/ variety of growth by radiative/ schemes/ moment anisotropic

tabulated multiphase probabilistic sources from accretion quasar model  constrained based diffusion/

network sampling/ stars, prescription/ radio mode transport streaming

enrichment supernovae merging

Vogelsberger, M., Marinacer, F., Torvey, P. et al. Cosmological simulations of galaxy formation. Nat Rev Phys 2, 42 —66
(RO20). https.//dor.org/10.1038/542254-019-0127-2

Model galaxy formation

Infall

Hot gas

Star formation
and evolution




