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Baryonic light cone
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Horizon-AGN s a cosmological hyd slmullnofbloo Mpc/h on a side como-
ving volume teaturing several blllion'fuolu liofl elements and the latest Planck cosmology.
. It was performed with the adaptive mesh t cod RAMSES (Teyss!:.f&?’oznnd ins__

cludes gas dynamics, cooling and heating, along fith a variety of sub-grid 5: star for-
mation, feedback (stellar winds, type Il and Iypo'h s m) heavy element tracking (0. Y
Fe, C,N, Si) and feedback from self- ulatod su K bolos 1
Mg, Si) vy A ’,? 3
Hodzon-AGN reveals how the morphological clvenlly of galaxles correlates to the proper- |
. tles of the cosmic web in'which they are embedded (Dubols et al, 2014; Welker et al 2014), |
as illustrated by the background picture whoro\amo scale structures traced by the skeleton
(Sousbie, 2011) have been overlaid on the gas density liold This has profound implications
for the use of galaxles as cosmologlcal pcobes and In pérticular for the weak lenslng signal -
(Codls etal, 2014)." ’ [
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Jho simulation ran !6( & million CPU houn on l\o J.do mt-compum at CINES
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Why simulate structure formation?

* to understand effects of non-=linear processes on cosmology/galaxies
* to connect the early universe to statistical surveys at low redshifts
* to validate upcoming instruments via mocks

* to explore the subtle effect of alternative theory of gravity

~ 50 000 kpc
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Why!

- properly account for scale coupling/ anisotropy

PROS

- allow for visualisation of the effect of complex
processes

- decide quantitatively which non-linear process
dominates

- make (large) virtual data sets/ surveys;
- validate inverse methodes;
- build realistic estimators/ model biases;
- calibrate new instrument:
how well can we measure things from
a given incomplete survey!?
- estimate error bars/covariance matrices;

- validate perturbation theory

CONS

- Most players present a very skewed view of
success/failure

- Simulations can easily be Garbage In Garbage Out
*Sometimes, domain of scientific interest =0

- Misleading because too convincing compared to
thought experiments

- Chaotic solution possibly driven by algorithmic
limitation

- Sociologic bias towards runaway: code validation
sporadic

- A lot of work !

* write a code

* validate the code

* run the simulations : big mock data (@ IAP ~ PB)
* validate the simulation

* produce virtual observables

* write the estimator

* validate the estimator

* explore domain of relevance
* study biasses
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Why!

- properly account for scale coupling/ anisotropy

PROS

- allow for visualisation of the effect of complex
processes

- decide quantitatively which non-linear process
dominates

make (large) virtual data sets/ surveys;

Revisit of the
state-of-the-art in simulating galaxy formation?
Simon White, MPI for Astrophysics

CONS

- Most players present a very skewed view of
success/failure

- Simulations can easily be Garbage In Garbage Out
*Sometimes, domain of scientific interest =0

- Misleading because too convincing compared to
thought experiments

- Chaotic solution possibly driven by algorithmic
limitation

- Sociologic bias towards runaway: code validation
sporadic

- A lot of work !

* write a code

* validate the code

* run the simulations : big mock data (@ IAP ~ PB)
* validate the simulation

* produce virtual observables

* write the estimator

* validate the estimator

* explore domain of relevance
* study biasses
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How!
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Account for cosmic expansion

7 super co-moving variables
ot = !
., di = Hy—
b (l
V. =)
ot ([)bU) -~ 1 T
) r = ——
i F(u.V)u=-Vo i a L
ot Pb . 3 P
p — (1l
Oc p (2o Pc
u.Ve = ——V.u Ve
p=(y—1)epy Qopc Hy L?
V2P = 417G [/ fd"’u -+ Pb} u — au — Hx
HyL
* voids repel,
* gas shocks Vip — §(LQ (p—1)
o if C0||aPSG, fate final 2 Mér(t)elgShapiro (1998)

(cooling catastrophy)
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Account for cosmic expansion

7 super co-moving variables
ot Y ,
" di = Hy—
b (
- V. =0
Ot V-(pou) 3 5
) r = ——
i F(uw.V)u=-Vo VI a L
ot Phb ~ 3 P
p — (1l
Oc p $ a0
u.Ve = ——V.u 0Pc
p=(y—1)epy - Qop.Hi L2
Vi® = 471G [/ fd"’u -+ Pb} u — au — Hx
HyL

* voids repel,

S
* gas shocks 2F — @
* if collapse, fate final — @i?eglggg)

(cooling catastrophy)
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Dynamics is
Hamiltonian

HAMILTONIAN SYSTEMS AND SYMPLECTIC INTEGRATION

2
p" 1 J
HPisovey Do Ry Rl = Z 7 + 5 Z'"l,f"”j@(x.i - X;)
i i ij

If the integration scheme introduces non-Hamiltonian perturbations, a completely different long-term
behaviour results.

The Hamiltonian structure of the system can be preserved in the integration if each step is
formulated as a canoncial transformation. Such integration schemes are called symplectic.

Poisson bracket Hamilton's equations

dx;
0A OB 0A OB —i = {x;, H)
A Bt = — It
ket i} Z,-:(axiapi 8pi0xi> (
Ip,
2L — {th}
dt
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Liouville (N point PDF conservation)

2= (r,v) Ot fr + {fri, Hobn = 0

N point function
fi(z) = n/fn(z, 2o,y 2p)dze - dzy

fa(2,2") = n(n — 1)/fn(z,z’,23,--- 2 )dz3 -+ dzy,

BBGKY hierarchy

Ouf1 + /1, Hi1} = / U1(2)f1(2") = fa(z, 2), Ha(2, 2') }d2’

long range force /short timescale limit (mean free path ~ system)

DM = fa(z,2") = fi(2) fr(2)
short + long range force /long timescale limit

Hydro — /{fl(z)fl(zl) - f2(z7zl)’H2(Z’Z/)}dZ/ - %col
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CBE/Vlazof equation
0f+{f HY =0if +v -V +Vp-V,f =0

mass
moments Yield Jeans Hierarchy Oip+ pV-v=0
Euler

1

1
atP+(P+PT)'VV—|—;V°Q:O

1
0:Qn + Z CrQnV - Qnp+ ;V - Qnt1 =0
p

Where generalized Heat tensor obey

P=Q.. p“f:/dg"f(r,v)v =tV

Q, /dgvf(r,v)(v—\_f)®...(V—\7)n

Friday, 19September, 14



Collisions :

|deal gas :

The baryons in the universe can be modelled as an ideal gas

p(p,T) =

BASIC HYDRODYNAMICAL EQUATIONS

(v = 1)pu

Euler equation: d_V — v Vo
dt p
s . dp
Continuity equation: 3 + oV -v=0

trace of second moment equation

monoatomic gas:

First law of du B PV y A(u, p)
thermodynamics: E = ——V -
& P
Closure
Equation of state of ideal P (’7 B l)pu e 5/3

Friday, 19September, 14
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he dynamics of structure formation is driven by gravit

Gravity

general relativity, but
Newtonian approximation in
expanding space usually
sufficient

Hydrodynamics
shock waves
radiation processes
star formation
supernovae,

black holes, etc...

]

dark matter is collisionless

! ]

Monte-Carlo integration as
an N-body system

]

3N coupled, non-linear differential
equations of second order

Problems:

@ N is very large
=) | . All equations are coupled
to each other

One challenge is to separate the important from the unimportant

Friday, 19September, 14
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Two conflicting requirements complicate the study of hierarchical
structure formation

DYNAMIC RANGE PROBLEM FACED BY COSMOLOGICAL SIMULATIONS

Want small particle mass
to resolve internal structure
of halos

need large

Want large volume to
obtain respresentative
sample of universe

where N is the particle number

Currently N ~ 10'%0n very large scales

Problems due to a small box size: Problems due to a large particle mass:

€ Fundamental mode goes non-linear soon after
the first halos form. = Simulation cannot be B (Sra e R
meaningfully continued beyond this point. 9 '

€ Physics cannot be resolved.

€ No rare objects (the first halo, rich galaxy
clusters, etc.)

At any given time, halos exist on a large range of mass-scales !

Friday, 19September, 14
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Flow Chart for N-body

Initial conditions are setup
using Power Spectrum for

the model of interest.

N—-Body

Compute force for given

particle positions

Diagnostics
(e.g. energy)

Move the particles

by one step

no

if t=ty,

yes

Write output to a file

Friday, 19September, 14



From the point of view of the theory of estimation/numerical analysis/computational geometry....

Discretize + control errors

Optimal (DM+hydro) code

e.g. too
e.g. too noisy
smooth or anisotropig force field
force field

Sweet
spot

e.g. unstable
integrator:
regularization schemes

e.g. too slow
integrator

Friday, 19September, 14



Multigrid Poisson solver :
Symplectic integrators
- Zoom simulations




Initial conditions for LSS

The linear theory power spectrum can be computed accurately

THE APPROXIMATE SHAPE OF THE LINEAR POWER SPECTRUM

Standard LCDM: n = 1.0
I' = 0.21
k" -1
P(A) A a = 6.4 hm" Mpc
o . 01,1 1/v b = 3.0 h 'Mpc
{1+ [ak/T + (bk/T)3/2 + (ck/T)2]*} e L
¢ = 1.7 h7"Mpt
vy = 1.13
Power spectrum Logarithmic slope
™y LB R ARLL | L R ALY | LB ALY | LR ALY | Tmrrrey 1 —— — | 1 | | | |
i A
.4 .
104} 2 -
g
- ° ©
= wiggles ¢ ~
106 ~ z
10-8’— —d 5
:
1“1 | - . T LALLLl A ALALL lLlAl 'S - Ajllll ' R Allll L.ALLLL l l 1 1 1 l B
0.001 0.010 0.100 1.000 10.000 100.000 104 10° 10° 10" 10 10' 10° 10°
k [h/Mpc] k [h/Mpe]
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One usually assigns random amplitudes and phases for individual
modes in Fourier space

GENERATING THE FLUCTUATIONS IN K-SPACE Hanning Filter:avoid anisotropic long waves

OOOOOOO?OOOOOOO

Simulation box © 00 © 0
® ®© © ®© 0 © 06 060 ©© 0 ® ® © 0 © 0 0 6 O
© 0 |C © O
© 0 |C © O
sampled with ool o 6
szoints © 0o © 0
© 0|0 © o
© 0|0 © 0
® o n © O
-+ > (e et ) (el ) k
o 0 © 0
L O 0 |0 ® O X
© 0 |C ® O
0O 0lO\0O 00O 0O0O0O © 0
©colodo0000O0O0 © 0
~ i) © 0 |C ® O
Ok:Bkexp(/k o ofg e o
® 0 8 -00
© 0 O ‘® O
For each mode, draw a random Sieie e

phase, and an amplitude from a
Rayleigh distribution. ) N

(0%) = P(k)

or equivalently filter white noise (phases) with +/ Py
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One usually assigns random amplitudes and phases for individual
modes in Fourier space

GENERATING THE FLUCTUATIONS IN K.§™ A~ Hanning Filter:avoid anisotropic long waves

Simulation box

sampled with
N2 points

L
51( — Bk GXpi('/)k

For each mode, draw a random
phase, and an amplitude from a
Rayleigh distribution.

(0%) = P(k)

or equivalently filter white noise (phases) with +/ Py
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Initial conditions for LSS

Using the Zeldovich approximation, the density fluctuations are
converted to displacements of the unperturbed particle load

SETTING INITIAL DISPLACEMENTS AND VELOCITIES

The force field simply follow
from the initial realization of

Zeldovich's Lagrangian version of linear theory implies: density fluctuations
Vo »
Particle displacements: d = X — Xg = —
A G pa”
al)
Particle velocities: v—=—d
D

Note: Particles move on straight lines in the Zeldovich approximation.
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Force field estimation

Force solver using Fourier analysis

Use of Fast Fourier Transform to solve for the Poisson equation

Poor’s man Poisson solver:

9> . = I
— = —k*®(k) = p(k s
3.2 P Ky =plk) Gl =-1
oD s = L
— = —F —ik®D(k) = F(k) D(k) = —ik
Ox
Using finite difference approximations:
g(l) 20 +<1>pp - Gk) = Ax*/4
i+ I i-1 = Pi X sm(%)z
—(Dis1 — D) = FilAx D(k) = _ism(kAx)

Ax

Friday, 19September, 14



Adaptive Mesh Refinement

Computational Astrophysics 2009 Romain Teyssier
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Cosmology with AMR

Particle-Mesh on AMR grids:
Cloud size equal to the local mesh
spacing

Poisson solver on the AMR grid
Multigrid or Conjugate Gradient
Interpolation to get Dirichlet boundary
conditions (one way interface)

Quasi-Lagrangian mesh evolution:
roughly constant number of particles

per cell : . 2
n=22M , Pgas , P
mpm Mgas me.

Trigger new refinement when n >
10-40 particles. The fractal dimension
is close to 1.5 at large scale
(filaments) and is less than 1 at small
scales (clumps).

| Computational Astrophysics 2009 Romain Teyssier
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Relaxation solvers for the Poisson equation

Solve the linear system A;;®; = p; with arbitrary mesh geometry.

Simplest scheme: the Jacobi method (in 2D).

1

T 1 n n mn n
O; ,jl — 5 (¢z'+1,j + @5 1.5+ 04541 T ¢z',j—1) — ZPi,j

Converge very slowly for long wavelength and large grids.
Very sensitive to the initial guess.

Faster convergence is obtained for Gauss-Seidel “over-relaxation”
method with red-black ordering.

Sr T =wol; + (1 —w)gfT with 1<w<2

Fastest convergence for w =~

1+ ay
Similar performance with the Conjugate Gradient method. For a NxN

grid: exact convergence in N? iterations,

In practice, order N iterations are necessary to reach the level of
truncation errors.

Computational Astrophysics 2009 Romain Teyssier
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Oct-tree in two dimensions

Ieve|1/ . - \l
[« o]
Ievel2u : \.}

Tree algorithms

Idea: Use hierarchical multipole expansion
to account for distant particle groups

m;
B(r)=—G), ——

We expand:
| - 1
r—x;| |(r—s)—(xi—s)
for Ix.,j—S|<<|I'—S| Y=r-—s=s
and obtain:
1l 1 y(s-x) 1y’ [3(s-xf)(s—xz-)"' = I(s—x;)g] y
y+s-x| [y| [y 2 ME

Tree code

the dipole term
vanishes when
summed over all
particles in the

group

Friday, 19September, 14
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Density assignment

h I {x } set of discrete
m mesh centres

Give particles a “shape” S(x). Then to each mesh cell, we assign the fraction of mass that falls
into this cell. The overlap for a cell is given by:

h }l

Xm— 5

xrn"‘% X, - xn]
W(xXm — Xi) = / Sx — x:)dx" = /H ( ) S(x" — x;) dx’

The assignment function is hence the convolution:

/X . < 1
Wi(x) = II (—) * S(x) where II(z) = L for |z = 2
h 0 otherwise
The density on the mesh is then a sum over the contributions of each particle as given by the
assignment function:
1 N
/)(Xm) — _3 E : g W(xz _ xrn)
=1

Friday, 19September, 14 Volker Springel
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Commenly used particle shape functions and
assignment schemes

Shape function S(x) # of cells
involved

NGP piecewise constant
Nearest grid point in cells

CIC piecewise linear,
Clouds in cells continuous

TSC continuous first
Triangular shaped derivative
clouds

Note: For interpolation of the grid to obtain the forces, the same assignment function needs to be
used to ensure momentum conservation. (In the CIC case, this is identical to tri-linear interpolation.)

Friday, 19September, 14 Volker Springel
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Force interpolation schemes

Use another interpolation scheme to get the mesh force at particle positions.

F(xp) =my ) WF(x, - x)F,

Momentum conservation is enforced if:

- 2 interacting particles see equal but opposite forces

- no self-forces

—————————— —

P —————— e —— ——

“Cloud-In-Cell” interpolation

Poisson equation Aij®@; = pi
Gradient of the potential Fi=-V®;
Self-force for particle p: OF (xp) =

-my ), ) Wi —x) (V.AT), W(x, - x))
E

Self-force is zero if operator is antisymmetric and
force and mass assignment schemes are equal.

30th Jerusalem Winter School

Romain Teyssier
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Symplectic Time Integrator

Phase space: ¢ =X, pD =1V, q=p
oD
0q

Hamiltonian: 7—{(Q, p) — p2/2 4 (I)(q) p =

The exact solution of an Hamiltonian system is energy-conserving and
volume-preserving in phase-space (incompressible fluid in phase space).

The energy and the volume in phase-space are time-invariants.

z=(q,p) fz)=p,-00/dgq) z=1(z)

Showthat V - f = (0 and %HZO

Using Reynold’s transport theorem in phase-space, show that the time
derivative of any Lagrangian volume in phase-space is zero.

Friday, 19September, 14



Classical First Order Time Integrators

For a symplectic map  Z(f) = T(Zo) OF
the volume in phase-space is preserved if det a— —¥ |
Z
2D
- Explicit Euler: 7' =" 4 Af(Z") det 6—?- =1+ A 6—
0z dg?
1
- Implicit Euler: z’”l = 7" + Atf(z’”l) det 277— — _—
oz 1 + Atz'azlf
- Symplectic Euler: Z"+1 =7" + AHf (q", p"“) det 8—7: = ]

0z

Friday, 19September, 14




Why use a symplectic integrator ?

Explicit Euler Implicit Euler

30th Jerusalem Winter School Romain Teyssier
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When compared with an integrator of the same
order, the leapfrog is highly superior

INTEGRATING THE KEPLER PROBLEM

YYYYYYYY ] TTrryryToyyY T TTryryYyrUYY I rTrrTryrTrTTOTY T rTrrTrrrryrTrTyY l TrT71TTrYyYTYY
0.4 }—second-order Runge-Kutta =)
5] .
5 —
0.2 -
0.4} —
T TENEWNENEN l AAJLA AL A L L l AL LA AL AL L jJ Bl R Rl R . Ll AA LA AL A A L ) l lllllllll
0 10 20 30 40 50 60
rounds
0. 10 2 2 Y L 3 T T Y T L3 T T 22 T
| Leapfrog (fixed stepsize) i
0.05 -
o] i ¥
-0.05

IITI]ITTT
lllllllll

’0.10 A A A A l A A A A 1 (3 v A A 1 e A A s

0 50 100 150
rounds

:

2

TTT]I]TTTTIII]TTIIITIIIIITTTITI[I]TIT
second-order Runge-Kutta

e=09

51 otbits

2784.6 steps / orbit
5569.2 forces / orbit

llllllllllllllllllllllllllll

(only every LO-th orbit drawn)

lIlIIIIII[IIIIIIIIIIIIIIIIIIII]IlIllllI

LA AL L L

llllllillllllllllllljlll1111111111111

-1 0 1 2

I"[IIY‘IYIII]ITTTTII‘IYIIIIITI'II'[']TIY
Leapfrog (fixed stepsize)

e=0.9

200 orbits

2010.6 steps / orbit

(only every LO-th orbit drawn)

IIIITII[IIIITIITTIIIIIIT]IIIIIIVIITIIIT

-1 0 1 2
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Precision computational cosmology

Mpc/n
w;o‘ 10° 10* 107
»—+ Ramses beta default »—a Gadget default fixed TS«0.0005
&« Ramses beta fixed default s PkdGrav GS run
v v Gadget PMGRID«512 soft«0.01 default params »—a PkdGrav fixed timsestep run
10
¢
- L}
g 10
@
£
(]
(S
& 10°
2
£
10" |«
10° . . -
Cosmological Simulation Working Group (Euclid Consortium)
Lyon 2013 Romain Teyssier
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Precision computational cosmology

»~a Ramses beta default
+»-a Ramses beta fixed default
v v Gadget PMGRID=512 soft«0.01 default params

»~a Gadget default fixed TS=0.0005
&#—a PkdGrav GS run

4o PkdGrav fixed timsestep run
2.0% . —
1.0% } A
- //\/
‘ - = A N ‘ ! s" 4

— ‘ 1 —

3 . YR /)

3 0.0% ) S Al S JA

.‘ E
1.0% b V
\ Yy
\ J Y
' "
v
v X
2.0% — e
10" 10° 10} 10?
: - - k [h/Mpc)
Julian Onions, University of Nottingham
Cosmological Simulation Working Group (Euclid Consortium)

Lyon 2013 Romain Teyssier
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- Multl scale multl tlmescale hydr'o dynam|cs .
- Optlmal dlscretlzatlon of partlal dlfferentlal equatlons'

- SPH & fi nite volurite methods™
- Shock preserying algor:thms |

- Subgrld phySICS effectlve laws for unr‘esgl.ved scales

|- Subgrld phySICS effectlve laws fort unresolved processes:

star formatlon dust magnetlc fi elds, AGN cosmic rays...
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Numerical methods to discretize a fluid

Eulerian: Lagrangian:
@ discretization of space @ discretization of mass
@ AMR @ SPH
(Adaptive Mesh Refinement) (Smoothed Particle Hydrodynamics

R

-4 2 4

PARAMESH x

grid refine if necessary volume of sphere decreases if necessary

Friday, 19September, 14




What is smoothed particle hydrodynamics?
DIFFERENT METHODS TO DISCRETIZE A FLUID

Eulerian

discretize space

representation on a mesh
(volume elements)

gt

b

high accuracy (shock capturing), low
numerical viscosity

Quantifiable
error budget

Friday, 19September, 14

Lagrangian

discretize mass

representation by fluid elements
(particles)

resolutions adjusts
automatically to the flow

o collapse

Volker Springel
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What is smoothed particle hydrodynamics?
BASIC EQUATIONS OF SMOOTHED PARTICLE HYDRODYNAMICS

Each particle carries either the energy or the entropy per unit
mass as independent variable

. : Continuity equation
Density estimate ij (Iriz]; hi)  —> automatically fulfilled.

—= b= (7 — 1)piu;

<8P
——— Artificial viscosity
Euler equation il = — Z m; (PQZ | P;‘) ViW;
dt o Pi P
N

First law of du; 1 (Pz i )
thermodynamics dt 9 Jz::l Pz2 p] ij - 1]

+ Hij

Friday, 19September, 14
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The isothermal Euler equations

Unlike dark matter, perfect fluid cannot shell cross

atfcol # 0

contact/rarefaction/shock waves are created

Let's look at a ID toy model of 2 cells

Primitive form with primitive variables W = (p, u)
00 + udxp + poxu =0

a2

O + udxu+ —0,p =0
P
a is the isothermal sound speed

Computational Astrophysics 2009 Romain Teyssier
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The isothermal wave equation

We linearize the isothermal Euler equation around some equilibrium state.

W =W, +AW

Using the system in primitive form, we get the linear system:

where the constant matrix has 2 real eigenvalues and 2 eigenvectors

: 5 A
u p M=u+a (Ap+p “)
A0=4a2 > 1 Au
| — B A" =u-a Aa = =-|Ap—p—
p ’ 2(p pa)

The previous system is equivalent to 2 independent scalar linear PDEs.
I, Aa” + (u+a)d,Aa” =0
0, A +(u—a)d,Aa” =0

Aa™ (Aa™)is a Riemann invariant along characteristic curves moving
with velocity u + a (u — a)

Computational Astrophysics 2009 Romain Teyssier
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Riemann problem for isothermal waves
finite volume scheme = field variables are constant/cell

Initial conditions are defined by 2 semi-infinite regions with pieceweise
constant initial states (Apg, Aug) and (Apy, Auy)

¢ Mixed state
-/

9:.9.9.9.9.9.9,
KRR
9.0.0.9.9.9.9.9.99.
R
A’A‘A A’A‘A’A‘A‘A’A A‘A’A’A’A.
) —
Left state Right state

“Star” state is obtained using the 2 Riemann invariants.

X Ap* = Aaj + Aaj
u—a<-<u+a

! Au* = g(AaZ - Ay

Computational Astrophysics 2009 Romain Teyssier
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Initial conditions are defined by 2 semi-infinite regions with pieceweise
constant initial states uxp and u; .

Shock wave

A

Case 1: Uy > up

Uy + UR
2

Formation of a shock with velocity § =

Solution: If x < St then u(x,t) = ur else u(x,t) = ug

Friday, 19September, 14



Rarefaction wave

Case 2: Uy < Ugp
Characteristics are diverging: a rarefaction wave fills the gap.
Solution: If X < urt then u(x,t) = ur

%

If upt < x < ugrt then u(x,t) = ;
If x> ugrt then u(x,t) = ug
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Finite difference scheme

T ® @ ® P tnﬂ =1+ At
e ® ® P ° g
Xi-1 Xi Xiv1 = X; + Ax
w . —-u" wrtl _
n i+1 i—1 I ]
u' = u(x;, t" O0xU = O =
i ( I ) » 2Ax : At

Finite difference approximation of the advection equation

u{z+1_un un _— s 3

. . u'
ou+adu=0 —> ' o - +a I+I2Axl_l =4

~ Computational Astrophysics 2009
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The Modified Equation

n+l _ ..n n o _ N
Yi W Ui "M
At 2Ax
Taylor expansion in time up to second order

" (A (u
w, = Uy +At((’)t)+ > (6t2

Taylor expansion in space up to second order

B (Ax)? [ 0%u
Uiy = i +Ax(ax) 2 (ax2)
oo u\ (Ax)* (6°u
el Ax(c?x) < B (ax2)

The advection equation becomes the advection-diffusion equation

(5)+a(5) = -5 (57) + oa.a

ot Ox 2 \ o1
Ou u\ At (u
(at)+a(ax)_—a : (ax2)+O(At2 Ax*)

Negative diffusion coefficient: the scheme is unconditionally unstable

,omputational Astrophysics 2009 Romain Teyssier
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The Upwind scheme

® & ® ® ® tn+l ="+ At
@ E ® ® @ g’
Xi-1 X; Xi+1 = X; + Ax

a>0: use only upwind values, discard downwind variables

u® — ut uttl — yn ut — u®

O i i—-1 — I i i i—1 -
= Ax At . Ax .

Taylor expansion up to second order:

(au)+a(au) At (62 )+a.§‘_’.‘.(§f_‘f)+0(At2,Ax2)

ot Ox 2 \ or 2\ 9x2
Upwind scheme is stable if C<1, with C =4 %
X
2
L. T -a—(l—C) e = + O(AF, Ax?)
ot 0x

Computational Astrophysics 2009 Romain Teyssier
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The advection-diffusion equation

Finite difference approximation of the advection equation:

3)+(2)-+23

Central differencing unstable: 7 <0

A
Upwind differencing is stable: >0 7 = aTx(l -C)

I s EEERA LSS
§

Smearing of initial | Thickness increases

discontinuity: 1.6} as v

‘numerical diffusion” ° |
1.4 '

respect caugality via sets of sqund wave.

1.0'.........:

0.70 0.72 0.74 0.76 0.78 0.80

X

Computational Astrophysics 2009 Romain Teyssier
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There are principal differences between SPH and Eulerian schemes
FUNDAMENTAL DIFFERENCE BETWEEN SPH AND MESH-HYDRODYNAMICS

Eulerian

jI.v;j:,

not Galilean invariant

sharp shocks and

contact discontinuities

(best schemes resolve
fluid discontinuities it in one cell)

mixing happens implicitly at
the cell level

(can providure closure for turbulence,
but will also be a source of spurious
mixing entropy from advection errors)

self-gravity of the gas needs

to be done on a mesh
(but dark matter must still be
represented by particles)

low numerical viscosity

Lagrangian o

Galilean invariant .

shocks broadened over roughly
2-3 smoothing lengths

(post-shock properties are correct though)

mixing entirely suppressed at

the particle-level
(no spurious entropy production, but
fluid instabilities may be suppressed)

self-gravity of the gas naturally
treated with the same accuracy
as the dark matter

requires artificial viscosity
(lowers Reynolds numbers heavily)

Friday, 19September, 14
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Galaxy formation codes: a few facts.

GADGET

ENZO

SPH (here GADGET2) cannot capture fluid instability correctly.
Blobs of gas survives for an artificial (infinite ?) long time to KH instability.

Agertz et al. (2007)
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AMR

standard
SPH:
strictly
Galilean
invariant

e T
osh
T A
! |
Qe)
o2
" R
(V-] % J
, :
ash
osh ‘
0.4}
0.2:-
:

Galaxy formation codes: a few facts.

r—

0.2

04

0.6

'° P——

csr-

Y v PEP— P— v

DL

AMR with horizontal
velocity: not strictly
Galilean invariant

Wadsley et al. (2008),
Price (2008)

[ )
o2
ool A P— A
(T o 0« oe
| |
3
O8r
3
3
04 )
3
p
o2r
A ' |

SPH with
explicit
entropy
and mass
diffusion

0.2 0.4

0.6
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The case for grids in cosmological simulations

Dark matter dynamics modeled using the Particle Mesh technique.
e High resolution is obtained using adaptively refined grids

e Refinements triggered by the local particle density: ensures low collision
rates and high resolution

* Adaptive force softening (the local mesh size) but non-uniform force (poor
energy conservation at coarse-fine boundaries)

e Multigrid solver for the Poisson equation is O(N)
Fluid dynamics modeled using finite-volume schemes.

e developed decades go by an army of applied mathematicians and
computational physicists

e VVery good knowledge of the error budget

* Adaptive Mesh Refinement methodology for Godunov schemes invented in
the late 1980’s by Colella and co-workers

* High-order methods are required (at least second order)

* One looses one order of accuracy at coarse-fine boundaries

30th Jerusalem Winter School Romain Teyssier
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The Future

Develop algorithms for exploiting exaflop supercomputing
Exponential growth of computing power over 40 years

A. Zharov transistors
10,000,000,000
Dual-Core Inted* Itanium® 2 Processor
Intel* ftanksm"* 2 Pr TARR
anium* 2 Processor
MOORE'S LAW Intel" Ranium"® Processer
el Pentium® 4 Processor 100,000.000
intel® Pentium® 1l Processor
Intel* Pentium*® (1 Processor 10,000,000
Intel* Pentium® Processor /‘
Intel486" Processer ,/‘ !
1,000,000 N
Inte!386™ Processor / -
A 7 z
100,000 p— : g
8086 i
8080 10,000
8008, -
4004 & ———

1,000
1970 1975 1980 1985 1990 1995 2000 2005 2010

Tianhe-2 in China
3,120,000 cores
34 Petaflops

1,300 Tb of RAM
390 million dollars

Exaflop limit is
expected to be
reached by 2020
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Modern galaxy formation simulations

Mock gri SDSS composite image with dust NGC4622 as seen
absorption based on Draine opacity model. from HST
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(a) U-band luminosity. Units scale from 3.3 - 103Lg to 1.3 - 10" L. (b) K-band luminosity. Units scale from 2.2 - 109Lg t0 2.3 - 10°Lg
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the Teyssier Catalog (2008) A universe made of MWs

True Colors | K IRAC 8

» » . ~ - r ’ .
. » - . . » . »
» » ’ { . » - .
- » - — - - ra .
. » » » - -\ .
(c) Horizon 2008 12 3 Previc
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the Teyssier Catalog (2008) A universe made of MWs

True Colors | K IRAC 8
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{(c) Horizon 2008
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Direct simulations of star formation in cosmological volumes have
proven to be very difficult
COMMON HEADACHES OF SIMULATORS OF GALAXY FORMATION

€ Cooling catastrophe & overproduction of stars
¢ Thermal supernova-feedback fails to regulate star formation,

and fails to explain metal enrichment of the IGM - Hybrid multi-phase mode
for the ISM
¢ Collapse of gas halted by numerical resolution not by physics - Inclusion of galactic wind
¢ The real structure of the ISM is known to be multi-phase
And the simulations are very expensive:
€ Required dynamic range is huge
To resolve all the star formation, one needs: Comprehensive set of
L ~ 100 Mpc/h simulations on interlocking
~ 1011 simulation particles scales
Mgas ~ 106 My/h
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Star formation recipe

1.000¢ ————y Y ——r——rYy 'Y e 3 &
E : Schmidt law for star formation:
: | ; . Pg
I , Kieasen & Burkent (2000)0 : — RN 4
Ww'_mﬁ ;'2:; © Bornell et ol (2003)0 HS(S-G) . p* 6* tff for p > p*
0.100}- o Krumholz & Tan (2007)
E one ° (2004) 5
. L & Nokomuro .
g * Clork ot ol (2008) ;‘;éggr;sit:iow et ol. + (2006) :
Z L
7 Z Koo & vees 0009
0,010 co(1-0) - -
;HCNU-O)‘ E
{ &
-
0.00! At dasal Adobasnsal heddoandasal P ‘AT...x dedahadidd T‘_
10 10’ 10° R 0ot 1wt >
A (em™) 2
=
o
Parameters are calibrated on g
the Kennicutt (1998) relation » h
1 2 ’
Ysrr = (2.6 £0.7) x 107* e
Mgppc™
Daddi et al. (2010)
logio Zgas [Mo pc'z]
Séminaire |IAP Romain Teyssier
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Esnir = 2 X 10°! ergs Esnin = 9 X 10°! ergs
B/D~ |.16 B/D ~ 0.35

Agertz et al. (201 1)

ESNII = 1051 €rgs

eg = 5%
B/D ~ 1.25

Stellar disks
at z=0

Séminaire IAP Pseudo bulge!!
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Guo et al 2010

Iog(Mgd[Msm])

Stellar mass — halo mass relation
from abundance matching

10 11 12 13 14 19 16
log(Mholo[Msm])

The stellar mass of the central galaxy increases rapidly with halo
mass at small halo mass, but slowly at large halo mass

The characteristic halo mass at the bend is 5 x 10" MO
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log( M‘.central) [ MSO]]

12

11

10

Constraints from abundance matching

lﬁ"ﬁlll'lﬁllj'

AM (Moster et al. 2010)
207% SFE

dwarf (this work) o
ERIS (Guedes et al. 2011)

dwarf (Governato et al. 2010) O

MW1 (Agertz et al. 2010) @
MW2 (Aquarius)

MWZ2+AGN o

group (Feldmann et al. 2010)

cluster (Teyssier et al. 2010) @

roozi et cluster+AGN
10 11 12 13 14
log(M..,.) [Msol
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Constraints from abundance matching

lTlIIlllllllIlll'llllllllllllllllllll]lllll'lllll/lllIl
7’

AM (Moster et al. 2010) /9’,

--------- 20% SFE .

log( M‘.central) [ MSO]]

group (F Revisit of the
. I state-of-the-art in simulating galaxy formation?
roozi et Simon White, MPI for Astrophysics
\ .2012? . .
10 11 12 13 14
log(M..,.) [Msol
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Sink-particles and a simple parameterization of the accretion rate are
used to model the growth of black holes

THE IMPLEMENTED BLACK HOLE ACCRETION MODEL

Growth of Black Holes
- 4raG*M?
Bondi-'Hoyle-Lyttleton type MB — o X 47T R]23 0Cy o/
accretion rate parameterization: (02 + ’U2)3/ 2
S
Limitation by the Eddington rate: M, = min(Mg, Mg4q)
Feedback by Black Holes
Standard radiative efficiency: Lbol = 0.1 x M ° C2
Thermal coupling of some fraction of ; S
the energy output to the ambient gas: Bfeedback = f X Lipol f ~ 5%

Implementation in SPH simulation code

Additions in the parallel * BH sink particles swallow gas stochastically from their local neighbourhoods, in

GADGET-2 code: accordance with the estimated BH accretion rate
* Feedback energy is injected locally into the thermal reservoir of gas

* On-the-fly FOF halo finder detects emerging galaxies and provides them with a

seed black hole

 BHs are merged if they reach small separations and low enough relative speeds
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Green: gas density / Red: temperature / Blue: metallicity
Without AGN
iR AR
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Clusters!?

Galaxy formation and accretion on supermassive black holes appear to
be closely related

BLACK HOLES MAY PLAY AN IMPORTANT ROLE IN THEORETICAL GALAXY FORMATION
MODELS

Observational evidence suggests a link between » Mg-o relation

BH growth and galaxy formation: » Similarity between cosmic SFR history
and quasar evolution

Theoretical models often assume that BH » Blow out of gas in the halo once a

growth is self-regulated by strong feedback: crtitical Mg is reached

Silk & Rees (1998), Wyithe & Loeb (2003)

Feedback by AGN may: Solve the cooling flow riddle in clusters of galaxies

Explain the cluster-scaling relations, e.g. the tilt of the L -T relation

Explain why ellipticals are so gas-poor
Drive metals into the IGM by quasar-driven winds

Yy vy vy v Y%

Help to reionize the universe and surpress star formation in small galaxie

D Galaxy formation models need to include the D This also applies to
growth and feedback of black holes ! simulations !
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Different hydrodynamical simulation codes are broadly in agreement,
albeit with substantial scatter and differences in detail

THE SANTA BARBARA CLUSTER COMPARISON PROJECT
Frenk, White & 23 co-authors (1999)

o
a

Gas z=0

Couchman

Jenkins Navarro

Steinmetz
Ll

Friday, 19September, 14 Volker Springel
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Effect of AGN feedback
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130F L noAGN
o AGN

fs — Ms/(fbarMh)

12.5

e/
z
=
< 115 0.70
3 11.0

10.5

10.0

Moster et al (2010)

Obs. (Kroupa)

— Obs. (Salpeter)

12.0 12,5 13.0
log M;, (My,,n)

Dubois, Gavazzi, Peirani, Silk, 2013

13.5
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MW? The Aquila project contenders

AREPO: moving mesh code (Springel 2010)
Lagrangian mesh points : Galilean invariance

Voronoi tessellation to define interfaces between finite volume elements. Based on the
Godunov methodology: Riemann solver + slope limiter.

Feedback models similar to GADGET.

RAMSES: AMR Eulerian code (Teyssier 2002)
Different stellar feedback implementations, all inefficient at large halo masses.
AGN feedback model a la Booth & Schaye 2011

GASOLINE: standard SPH (Wadsley, Stadel & Quinn 2004)

Delayed cooling with blast wave model. Inefficient at large halo masses.
GADGET: standard SPH (Springel 2005)

Many different versions with various feedback recipe.

AGN feedback a la Sijacki et al.

Séminaire IAP Romain Teyssier
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Different codes, same physics, different morphologies...

GADGET GASOLINE RAMSES AREPO

n . n n o

= . - . -

. - - 9 -
3 e P “ 4 “ . ;
. .

- 1t § 1 | { circularity
b “ b 4 4 b . »
S " 4 : - . 1 4

1A 15 ~048 00 o8 10 148 1h 10 ~08 o8 04 18 N

s L |

0a 10 1.5 1.b 2 08 00 OB 10 18 1A 10 08 0D

Low resolution runs

Séminaire IAP Romain Teyssier
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Stronger feedback, earlier star formation...

100.0 G3-CS

1

U3 8
G3-GIMIC

10.0

SFR [Mg yr™']

-

.

o
hdhaded |

0.1
100.0 }

10.0¢

SFR [Mg yr™']

1.0

01 I} i ' | 1 1 3 | ]
0.1 0.2 05 08101 0.2 05 081

A ] ] 1

Séminaire IAP Romain Teyssier
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Stronger feedback, flatter rotation curves...

T T YT Yy Yy Y Yy Yy Yy vy Yy Y YYY ey vyt Yyt ryrtyYtYYYTTYTYYYY

600 | 2 :
MW data *
500 | AQ-C-4 = T A
4001 T y
‘. < { k2 {
=7 300} . -
7
-
— 200
>o

G3-BH

Séminaire IAP Romain Teyssier
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Feedback and SF matter more than code type.

| |

12 ,
10 ® G3 % GALFORM

® G3-BH v L-GALAXIES

®G3-CR .., Guo et al. (2010)

m G3-CS o -
% G3-TO M200 x Q,/Q,, :

O G3-GIMIC

0 G3-MM

A G3-CK

+ GAS

AR

Ve ¥ R-LSFE

» R-AGN e
v AREPQ, -5

-
- -

5 N PR
| I B BN

I

1

T II‘I]

|

16™ ! 1 1
5.0x10"! 1.0x10" 1.5x10' 2.0x10*

Séminaire |IAP M 200 [MO Romain Teyssier
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D wa r’fs? Momentum-driven radiation feedback

rad-kappaS |

rad-kappa 10 )
10 15
R [kpc] R [kpc]
séminaire |AP The Pb Of feedbaCk IS IOC&I energy dEPOSit Romain Teyssier
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Momentum-driven radiation feedback

B<10" - ¢t = & ¢ & ® @& ¢ T 5
- k=0 cm’/g
s 2
Kig=9 cm”/g
: ep=15 em’/g :
6x10'°+ K1g=00 sz/g o
°
n
E 4x10"} -
20)
0.0 0.2 0.4 0.6 0.8
expansion factor
Séminaire |IAP Romain Teyssier
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Star formation history

Roskar+13 redshift
0.14 i . 20 4:03;0 20 li) 0;5 0.?5 O;l 0;0
3 ® @ o feedback o - 0o feedbuck
Q0O x=0 o — SN oaly
0.12F© © var x - M — var K
. O K-S
— 30
0.10_151015202530 40 50 100 2 15t e 1
Moster et al. 2012 Leitner 2012
i -’V\'\
0.% = A A 4 A A A N — ™ N
.0 4.5 5.0 55 6.0 6.5 7.0 2 4 6 8 10 12 14
M;, [Mg] x 1011 1 [Gyr]

Abundance matching

Star formation history
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Momentum-driven radiation feedback

Final gas distribution: from fountains to winds

-0 -0 -10 0 10 20 30

Lyon 2013 X / kpC Romain Teyssier
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Final stellar distribution: from disks to spheroids
no feedback

;: 40 kpc S

=30

Momentum-driven radiation feedback

Lyon 2013 Romain Teyssier
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Aumer et al 2013

Several groups now make viable Milky Ways.
They have different, differently implemented
and incomplete “subgrid” phenomenology.

The agreement 1s a result of parameter tuning

-

Z10Z °110Z 1P 13 sapans)

E———
Marinacci et al 22013 10 kpc
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MET mteractmg phygcaﬂl prgcesses are |mportant and span
Y very wide range of phy5|cal scales g

Many canhot be resolved and Ye) must be handled by
phenomenologlcal subgrld models | ’

, J}-,‘ R |
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CONCLUSIONS

® Galaxy formation is still poorly understood in
details: even one point function such as stellar
mass in galaxies is a challenge.

® Galaxy formation.is highly nonlinear and
sensitive to sub-grid recipes, to nhumerical
implementations, and to cosmology. These are
not easily separated.

- ® Feedback effects in a galaxy formation affect
the mass power spectrum at ~ percent level

even at A ~ 10 Mpc :“precision” cosmology??
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Why!

- properly account for scale coupling/ anisotropy

PROS

- allow for visualisation of the effect of complex
processes

- decide quantitatively which non-linear process
dominates

- make (large) virtual data sets/ surveys;
- validate inverse methodes;
- build realistic estimators/ model biases;
- calibrate new instrument:
how well can we measure things from
a given incomplete survey!?
- estimate error bars/covariance matrices;

- validate perturbation theory

CONS

- Most players present a very skewed view of
success/failure

- can be Garbage In Garbage Out

- Misleading because too convincing compared to
thought experiments

- Sometimes, domain of scientific interest of zero
measure

- Chaotic solution possibly driven by algorithmic
limitation

- Sociologic bias towards runaway: code validation
sporadic

- A lot of work !

* write a code

* validate the code

* run the simulations : big mock data (@ IAP ~ PB)
* validate the simulation

* produce virtual observables

* write the estimator

* validate the estimator

* explore domain of relevance * study biasses
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Simulations of Structure Formation in the Universe" Bertschinger, E.
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The AMR catastrophe

Ax
$ow . W Assume a and C>0.
I @ . 4 . 4 I . 4
I A ’ Ou
n+1/2 _
aAx  Ax i1 = u; +(1-0C) (6x).
I
12 n+l/2
ur.l+l —u" u’.H- - U. ou
t X X

202
First order scheme: (6614) + aa (zu) = aﬁ(a -0) ((9 ) + O(AZ, Ax®)
t X

2
Second order scheme: (g_":) +a (gi) = a—(a CY1 - a) ((9 ) + O(AF?, Ax?)

At level boundary, we loose one order of accuracy in the modified equation.
First order scheme: the AMR extension is not consistent at level boundary.

Second order scheme: for a=1.5, AMR is unstable at level boundary.

Solutions: 1- refine gradients, 2- enforce first order, 3- add artificial diffusion

Computational Astrophysics 2009 Romain Teyssier
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