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Cosmological Simulations
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Basic Equations




Basic Equations

Into codes

Expanding

) Before evolving gas/dm elements, first expand the universe according to Friedmann eq.
Universe

Gas dynamics Solve this equation with m 2nd-order Runge-Kutta Method, with m satisfying

|an+1 . an+1
" <1078
Dark Matter(CDM) At is determined following the rules as At = min(Athyp, Aty,, AL):
, i alAXx _ . _ alx _
Al = o FLYP min — Aty = oM min ——
i=1..3 | max+| U - &| +c i=1,..3 _male u;- el )

Self Gravity
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Basic Equations

Into codes

EXP_a"d'"g Equations for compressible hydrodynamics(Euler egs.)
Universe
— +—V - -(pU)=0 Mass Conservation
a
Gas dynamics o D)
a > > > —
B (U -VYU=-VP+p,g Momentum Conservation
d(a’p,e) — — y — .
Dark Matter(CDM) P aV - (p,Ue) —aPV - U+ aa((2 — 3@ — D))pe) + aly
o, E) - - - - Energy Conservation
> =—aV - (p,UE+PU)+ap,U - g +aa((2 -3y — 1)pye) +al\y
Self Gravity Pl T |
P = e =(y— Dpu Equation of State (Ideal gas)
H
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Basic Equations

Into codes

Expandin s . - .
P d Phase-space function f( x', p") is described by Vlasov(Collisionless Boltzmann) equation:
Universe
o 1 , = =, O
S _|_ —_— . V — V ¢ — — ()
o ma2t f=mVe op

Gas dynamics
Rather than solving the equation, we place N particles using Monte-carlo sampling evolving

acoording to:

d¥,

Dark Matter(CDM) dr

dlau’))
’ dt

=g (x,1)

1
a
This assertion is validated from Liouville’s theorem.

Self Gravity
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Basic Equations

Into codes

Expanding

_ At a given position and time, dm and baryon both contribute to the gravitational fields:
Universe

V2(F 0 = S o+ py = po)
’ — P pb pdm :00

Gas dynamics
Dark Matter(CDM)

Self Gravity
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Algorithms




Single-Level Algorithm

straight to the algorithm

1. Calculate the time step At, and advance the scale factor a(?).
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Single-Level Algorithm

straight to the algorithm

2. Compute ¢" and g using p;’ and pJ .

Particle-Mesh Method

Cloud-In-Cell(CIC) Scheme

2022-05-12



Single-Level Algorithm

straight to the algorithm

3. Advance the state of the gas.

4. Advance the dm particle positions, gravitational fields and velocities according to:

1 At At At
—n+1/2 _ n=;"n T —=n —n+l _ —n ——n+1/2 ——\n+1 _ 7 \n+1/2 | T —n+l
u’ = <(a u’y)+ 5 gi> X _xi+an+1/2ui (au )™ =(au)) + Zgi
5. Advance the state of the gas.
Predictor-Corrector Strang Splitting
22| CHEfX el ZAMK|Z Of| 5ot 2(Predictor) 22| CHEfX el ZAMK|Z Of| 5ot 2(Predictor)
CIE +EE 0|83 =7| ZAHK|E =8 (Corrector) CIE +EE 0|83 =7| 2AHK|E =8 (Corrector)
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Multi-Level Algorithm

Block-structured AMR, Mesh hierarchy

Concepts in Block-structured AMR

Grid

Cell
(valid, ghost)

iy L

N I o

Level

P

Po— - /

/ ra —X e £
/ ? &

coOarser .
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Block-structured AMRO|2F £2910|7}2

A28|0|M0]| O|FX|= FA| ¥(domain)= O|F= meshe logically rectangularst 22| structured grid=2 O|FHN UL}

£2 37[9 B2 0|FHZ J2|E= M2 EX[X| 11, J8fet 2| =9| Fef= ‘level’O|2fl 2L

7I& coarsegt level2 domain=S 25 coverdl{Of SiCt,
Completest mesh hierarchy= 2= level2?| &etS YA =LCl.

Mesh Gl|O|E12F &IXt Cl|O[E12] 2} =[R20 = T2[=7t coverst= X2 M= LS == QUL



A A~ A5 See https://youtu.be/wE3tdL_p6Ms

Multi-Level Algorithm ik

Block-structured AMR, Mesh hierarchy C L b, A Amgren

’ ’
/ - L7

Q‘:»O Q:( 2=)
Concepts in Block-structured AMR What about Tlme-Stepplng
_ AMR doesn’t dictate the spatial or temporal discretization on a single patch, but
Grid we need to make sure the data at all levels gets to the same time.

The main question is:
To subcycle or not to subcycle?

Cell Subcycling in time means taking multiple time steps on finer levels relative to coarser levels.

(valid, ghost)

Non-subcycling:

Zf level2| time stepO| Az, = FliX|= B2, subcyclingE AE5HX| E= A0| = EHOICt

Level

Subycling:

0f]) Level 201 Rl= dm X7t Level 30 Q= AL 2HY B2 S2]0]1, time stepO| Az, S 2 FaliX|= 82,
Subcycling level 29} 30]| CHBHAM = 2t A|ZtZHA ArE2 FISHA|F| 1 level 12 level 00]| CHaH subcycle, level 2= level 10]| CHsH
subcyclest= Z10| X 0|LC}.
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Multi-Level Algorithm

mjotstX| 23t HE

j10"!
200 ,
Interpolation?| A=tst Hitd 110
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OEA| sl S HA ZFe| HO| M7 =X 10°
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! E
10° <
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Validation

Q =0.314

Q, =0.686 Gadget-2

h=0.71 Nyx 256> uniform grid

oy = 0.84 * Nyx 1024° uniform grid

L =256 Mpc/h Nyx 256° with 2-level AMR

My, = 1.227 x 101 M,
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Validation
Particle :: 2pcf 107
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Halo Cataog by FOF with b = 0.2

X

Validation

Halo :: Mass function and 2pcf
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Validation

Radial Profiles
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Thank you!




