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cosmic structure formation
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cosmic structure formation

CMB radiation
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analysis

(1): Boltzmann solvers
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Computational Cosmology

" introduction
= Boltzmann solver
" initial conditions generators

» simulation codes




Computational Cosmology

Boltzmann solver
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Computational Cosmology Boltzmann solver

= particle species...

g number density h ne_ 8 f

p)axp’d
(2ﬂh)3 f(p)drxp-dp

2

energy density pc = 2 h) f E(p) f (P)47TP dp
pressure p=_2% Ip ] f(p)4jrp dp E* =l pcl* +m*c’
\_ - (2xh)’

K f(p) : phase space distribution function

g . statistical weight

relativistic: non-relativistie:

_ 1 ),
= ..in kinetic equilibrium f(P) = o f(p)~e (p*12m=pa) kT

(cf. Thermal History lecture)
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= particle species...

. number density O ne_ 8 f

p)Arxp®d
(2ﬂh)3 f(p)drxp-dp

2

energy density pc = 2 h) f E(p) f (P)4JTP dp
pressure p=_2% Ip i f(p)4jrp dp E* =l pcl* +m*c’
\_ - (2mah)’

\E f(p) : phase space distribution function ]

g . statistical weight

but how is f evolving in time?

relativistic: non-relativistie:

_ 1 ),
= ..in kinetic equilibrium f(P) = o f(p)~e (p*12m=pa) kT

(cf. Thermal History lecture)
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Boltzmann solver

= Boltzmann equation

A

L : Liouville operator

f. : phase-space distribution function of species A

Lif,1=C,[f]

C . collision operator for species A

f :phase-space distribution function of all species partaking in collisions




Computational Cosmology Boltzmann solver

= Boltzmann equation I:[ ful= C nea

A

L : Liouville operator

* in non-relativistic limit it is just the total time derivative:

L =i+£-Vx+E°V

"0t m m "

* in the absence of collisions particles move on geodesics

« for homogeneous & isotropic FRW model /=f(p) and hence*

Lif,]=

dn : _ 84 2
A 3Hn, Wb n, =R [P f.(p)dp

*derivation on page 33 of http://fiteoweb.unige.ch/ ~kunzm/lectures/cosmo_II_2005.pdf



http://fiteoweb.unige.ch/~kunzm/lectures/cosmo_II_2005.pdf

Computational Cosmology Boltzmann solver

= Boltzmann equation I:[ ful= C nea

[ : Liouville operator

* in non-relativistic limit it is just the total time derivative:

L =i+£-Vx+£°V

"0t m m "

* in the absence of collisions particles move on geodesics

» for homogeneous & isotropic FRW model /=f(p) and hence

dn : _ 84 2
th +3Hn, with n, = > [P fu(p)dp }

* integro-differential equation for f(p)
- ordinary differential equation for rn,(7)

[i[m -




Computational Cosmology Boltzmann solver

= Boltzmann equation I:[ ful= C L]

C ,: collision operator for species A

« change in number of particles A due to interactions”™ A+B <> C

CA = _<GABVAB> nyng+ /3 ne

*agsuming there is only one other species B
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Boltzmann solver

= Boltzmann equation I:[ ful= C L]

C ,: collision operator for species A

 change in number of particles A due to interactions A+B < C

CA = _<GABVAB> nyng+ /3 ne

-

YT

<~

particle destruction & creation




Computational Cosmology Boltzmann solver

= Boltzmann equation I:[ ful= C L]

C ,: collision operator for species A

 change in number of particles A due to interactions A+B < C

CA = _<GABVAB> nyng+ /3 ne

NG 5%
N \// (eq). (eq)

In equilibrium:  particle destruction = creation = f = (—eq)<g 5V AB>




Computational Cosmology Boltzmann solver

= cosmological Boltzmann equation for species A interacting with species B:

dan nun n
A _ e (eq) AB ¢
+3Hl’lA = _nA I’lB <GABVAB> (eq). (eq) - (eq)

dt n, ng %




Computational Cosmology Boltzmann solver

= cosmological Boltzmann equation for species A interacting with species B:

dn n,ng n
A —n e A ¢
+ 3HflA n, <GABVAB> (eq) (eq) (eq)

= particles in final state C are in equilibrium d.e. no=n<):

dn,

(eq) ., (eq)
” +3Hn, = <O’ABVAB (nA Ny nAnB)




Computational Cosmology Boltzmann solver

= cosmological Boltzmann equation for species A interacting with species B:

dn Mallp e
A —n e A ¢
+3HFlA n, <G BvAB> (eq) (eq) (eq)

dt n, ng ne

= particles in final state C are in equilibrium:

dn,

(eq) ., (eq)
” +3Hn, = <O’ABVAB (nA Ny nAnB)

ordinary differential equation for n, “




Computational Cosmology Boltzmann solver

= cosmological Boltzmann equation for species A interacting with species B:

dn Mallp e
A —n e A ¢
+3HFlA n, <G BvAB> (eq) (eq) (eq)

dt n, ng ne

= particles in final state C are in equilibrium:

dn,

(eq) ., (eq)
” +3Hn, = <O’ABVAB (nA Ny nAnB)

ordinary differential equation for n,*

*we need to write down such an equation for each species...
(and will eventually only consider perturbations)
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Boltzmann solver

= get of equations for photons and baryons:*

1
2
4 2
& =-26,-Zn
3 3
/ 1 2712 2 1 TCA ITCA
0, =————| aH, - c}k*6,~k°R| 16, - 0" |+ RO
+
' 1 / 2712 2 1 TCA
0,=- — (aHO,+0,-ck*6,)+k*|~8,-0
Y Y
R 4
57: photon perturbations (Fourier transform of AT/T)
Oy baryon perturbations
6, = V.y,
Hb = V°Vb
R = 4p,/3p,
h: metric perturbations
@ = 57— 5;,
®’,, £ ‘baryon-photon slip’
*Blasg, Lesgourges & Tram (arXiv:1104.2933), derivatives ’ with respects to conformal time 67” phOtOIl shear




Computational Cosmology Boltzmann solver

= set of equations for photons and baryons and dark matter and massless neutrinos:

O +iku® = - — iku¥ -t

1
0,-0+uv, _Epz(;u)n]

: : . 1
O, +iku®, =-7|0, + —(1 - PZ(M))H]
2 ®: photon perturbations (Fourier transform of AT/T)
S Ad V. neutrino perturbations
O+ikv =-3® o, v: dark matter perturbations
. a ) o, V. baryon perturbations
V+E v =—ikW v metric perturbations
) ) O: Newtonian perturbations
0, +ikv, =-3P T optical depth (T = -n,0,a)
. 37 75 direction of photon propagation
. a . T . .
V,+—Vv, =—-ikW+ _[Vb + 31@1] . conformal time
a 4n P(:  Legendre polynomial
V+ikuv = —® — ikl [ 0,40,,+06,,




Computational Cosmology Boltzmann solver

= get of equations for photons and baryons and dark matter and massless neutrinos:

O +iku® = - — iku¥ -t

1
0,-0+uv, _§P2(M)H]

O, +iku®, =-1|0, + 1(1 - PZ(M))H]
2 ®: photon perturbations (Fourier teapsform of AT/T)
S +ikv = -3 e‘:Kut:;; solvers break down
: standard (Rung |es for interactions are
P4y = kW o ﬂme-si:\an cosmological expansior”
. ¢ | much z:::-_‘i':f?’rdifferentid equations...)
0, +ikv, =-3P T optical depth (T = -n,0,a)
P 3t 75 direction of photon propagation
vV, +—v, =—1kW + —[Vb + 3i®1] : conformal time
a 477 PO: Legendre polynomial

v +ikuv = -® — ik W 2 0,+0,,+0,,




Computational Cosmology Boltzmann solver

= golving cosmological Boltzmann equations

 Peebles & Yu (1970): TCA method (Tight-Coupling-Approximation™)

prior to recombination photons, electrons, and nuclei rapidly scattered and
behaved almost like a single tightly-coupled photon-baryon plasma. v,=v,

» ...all subsequent solvers are based upon it.

*see Cyr-Racine & Sigurdson (arXiv:1012.0569) for a validation of the TCA




Computational Cosmology Boltzmann solver

= golving cosmological Boltzmann equations gives CMB fluctuations
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Computational Cosmology Boltzmann solver

= solving cosmological Boltzmann equations gives CMB & matter fluctuations

-
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Computational Cosmology Boltzmann solver

= solving cosmological Boltzmann equations gives CMB & matter fluctuations
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Computational Cosmology

Boltzmann solver

= transfer function 7(k)

P(k,a)=D*(a)T" (k) F,(k)
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Boltzmann solver

= transfer function 7(k)

P(k,a)= D*(a) T (k) B, (k)

clear separation into

 temporal evolution after decoupling
 pre-decoupling physics




Computational Cosmology

Boltzmann solver

= transfer function 7(k)

D(a): structure growth
after decoupling

P(k,a)= D*(a) T (k) B, (k)

T(k): physics of the
early Universe
(up to decoupling)

clear separation into
 temporal evolution after decoupling

 pre-decoupling physics

Py(k): primordial power spectrum
as given by inflation
P(k)oc k"




Computational Cosmology

= transfer function 7(k)

P(k,a) = D*(a) T*(k) By (k)

Proton Helium
Photon e
Neutron nucleus CMB radiation

Helium
atom

Electron
Hydrogen Fi
A irststars  Early Modern

galaxies galaxies

Boltzmann solver
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Boltzmann solver

= transfer function 7(k)

» pgdiation domination:

P(k,a)= D*(a) T (k) B, (k)

Sxa’ k <<k,

dxlIn(a) k>>k,

(outside horizon)

(inside horizon)
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Boltzmann solver

= transfer function 7(k)

» pgdiation domination:

P(k,a)= D*(a) T (k) B, (k)

Sxa’ k <<k,

dxlIn(a) k>>k,

(outside horizon)

(inside horizon)

k, entering horizon at a,




Computational Cosmology Boltzmann solver

= transfer function 7(k)

P(k,a)=D*(a) T* (k) By (k)

» pgdiation domination:

dxa’ k << keq (outside horizon)

O x ln(a) k >> keq (inside horizon)

k, entering horizon at a,=a,k,/k,

k, entering horizon at a,




Computational Cosmology Boltzmann solver

= transfer function 7(k)

P(k,a)=D*(a) T* (k) By (k)

a, k,
dxa’  k<<k, T(k)x1 k <<k,

=>

dxlIn(a) k>>k, Tk)«<1/k> k>> k.,

= radiation domination: (a_) =(’<_)

k, entering horizon at a,=a,k,/k,

k, entering horizon at a,
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Boltzmann solver

= transfer function 7(k)

» pgdiation domination:

1.000

0.100 ¢

T(k)

0.010¢

0.001

P(k,a)= D*(a) T (k) B, (k)

T(k)xl k <<k,
2
T(k)yecl/k™ k>>k,
VS
| R | L | ....I\
0.1 1.0 100.0

(Tom Theun’s Cosmology Lecture)




Computational Cosmology Boltzmann solver

= transfer function 7(k)
P(k,a)=D*(a)T" (k) B (k)

= radiation domination:
T(k)xl1 k <<k, .

T(ky=<l/k* k>>k,

= matter domination:

oxa => T(k)xl]




Computational Cosmology Boltzmann solver

= transfer function 7(k)

P(k,a)= D*(a) T (k) B, (k)

= post-decoupling (CDM only): (Bond & Estatiou 1984)

T(k) = (1+((ak)+(bk)1-5 +(ck)2)v)_l/v

a=6.4(Q,h?) Mpc
b =30 (Q,h?2) Mpc
c=1.7(Q,h?* Mpc
v=1.13




Computational Cosmology Boltzmann solver

= transfer function 7(k)

P(k,a)= D*(a) T (k) B, (k)

= post-decoupling (CDM+baryons): (isenstein & Hu 1998)

Qb Qc
T(k) = 2T, (0)+ =Tk

m m




Computational Cosmology Boltzmann solver

= transfer function 7(k)

P(k,a)= D*(a) T (k) B, (k)

= post-decoupling (CDM+baryons): (isenstein & Hu 1998)

Tk 2T (1)

m Qm/

T(k

T(k; 1, 1 o ke a | ~ 2
Ti) — 1 —i((kS/S 2))2 + 1 + (ﬂb/kS)3 e (ks 4:|.]O(k§) ’I’c(k) =fT0(k’ 19 ﬁc) + (1 _f)TO(k9 Xy ﬂc)
. b
b = (2 Hiz)'* =746 x 1070, 2073 Mpe™ s fe m
K = 1.6(@, 12)%-52(Q0 h2)°T[1 + (10.4Q, h?)~°5] [+ (Buoac/ks)’T™? uff - @000y
(Q h?)25 Buose = 841(@ 20435 T ’
z; = 1291 0 [1+ b,(Q, h?)""] pode T TTTTO

T

_ “cmb

1 + 0.659(Q, h?)°-82® a, = (46.9Q, h?)*S7O[1 + (32.1Q, h2)~0-532]
2.7

- ' a, = (12.0Q, h?)°424[1 + (45.0Q, h?)~°-58%]
by = 0.313(Q %)~ **1°[1 + 0.607(2 h*)™™] , e+ 1880 B =1 b0 — 11,
e c = 1 c/ =<0 - ’

Tok, o, Be) =
b2 = 0.238(90 h2)0'223 o 0( x B) ln (e + 1.8ﬂc q) + qu bl — 0-944[1 + (45890 h2)-0.708]—1 ,
I+R, +,/R,+R 14.2 386
¢ = 2 6 In \/ d \/ d eq C = + 108 b2 — (0.39590 h2)—0.0266 )
3k, \| R, 1+ \/ R, @, 14 69.9q
(149 ok R = 3p,/4p, = 31.5Q, *@; 4(z/10%) !
— - 1 T Zeq =
op = 2.07keqS(1 + Rd) G<1 n Zd) 13.41keq




Computational Cosmology

= transfer function 7(k)

P(k,a)= D*(a) T (k) B, (k)

= post-decoupling (CDM+baryons): (isenstein & Hu 1998)

1

0.1

0.01

IT(k)]

10-3

+20%

—20%

0.1

IT(K)|

0.01

+10%

—10%

|- —fit

0.01
k (h Mpc?)

Boltzmann solver

™ vl ol

Lo

—numerical
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Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST
RECFAST

CAMB

CMBEASY

CLASS

CosmoRec




Computational Cosmology

Boltzmann solver

= |995:

= |996:
= 1999:

= 2003:
= 2010:

COSMICS package (Bertschinger)

* first ever public release of Boltzmann solver

* bundled with package to generate initial conditions for simulations

CMBFAST
RECFAST
CAMB
CMBEASY
CLASS

CosmoRec




Computational Cosmology Boltzmann solver

= 1995: COSMICS package
= |996: CMBFAST (Seljak & Zaldarriaga)

* adding functions to COSMICS for computing the sources
 convolution with Bessel functions

* much faster than COSMICS

= 1999: RECFAST

CAMB
= 2003: CMBEASY
= 2010: CLASS

CosmoRec




Computational Cosmology Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST
RECFAST (Seager, Sasselov & Scott)

* solves recombination of H and He simultaneously giving

* jonised fractions as a function of redshift

CAMB
CMBEASY
CLASS

CosmoRec




Computational Cosmology

Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST

RECFAST )

CAMSB (Lewis et al.)
* taking CMBFAST apart and re-writing it in f90

 improved expressions for sources, lensing, etc.

CMBEASY
CLASS

CosmoRec




Computational Cosmology

Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:

= 2010:

COSMICS package
CMBFAST
RECFAST

CAMB

CMBEASY (Doran)
* re-write of CMBFAST in C++

CLASS

CosmoRec




Computational Cosmology

Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST
RECFAST

CAMB

CMBEASY

CLASS (Lesgourges et al. http: //www.class—code.net)

* highly modular code
* easy to install and use

* exactly following Bertschinger’s notation to avoid confusion

CosmoRec



http://www.class-code.net

Computational Cosmology

Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST
RECFAST

CAMB

CMBEASY

CLASS

CosmoRec (Chluba)
* highly improved C++ version of RECFAST




Computational Cosmology

Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST
RECFAST

CAMB

CMBEASY

CLASS

CosmoRec

(still) maintained




Computational Cosmology Boltzmann solver

= |995:
= |996:
= 1999:

= 2003:
= 2010:

COSMICS package
CMBFAST
RECFAST

CAMB

CMBEASY

CLASS ——— hands-on training in “Advanced Cosmology” course

CosmoRec




Computational Cosmology Boltzmann solver

= 1995: COSMICS package _ | _
= 1996: CMBFAST |

difference between CAMB & CLASS
(Lesgourges, arxiv: | 104.2934)

= 1999: RECFAST
CAMB —
= 2003: CMBEASY o0

percentage difference in C,Tr and C,EE

= 2010: CLASS 0% 0000 700 2000 2800 T S
. _— 2 100 500 1000 1500 2000 2500 CAMB:06/CLASS:02 ——
| CAMB:07/CLASS:02
0.25 - —
02 | forcing reionization to be neglected also in CLASS —
=
T 015 8
£
3 k
S o1f P ( )
2
%
g 005 B
8
c
8 a2y \
8— 0= N\ \/ '/ \/\ “\f\vA A 7
N/ |
|
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Computational Cosmology

initial conditions generators

how to translate
into initial conditions?

P(k) (IMpc/h]3)

T T T T T T T T T T T TT1T

lllll

Cluster D
abundance‘\




Computational Cosmology initial conditions generators

= Zeldovich approximation: (. Lss lecture)

X(t)=G+D(t)S(G)

5 Y 1
D(a)==Q H da
2 " { (@007 +(1-Q,,-Q,)a” +Q, |
S=vw
AW = §(X,)

S (k) =\ P, ()T* (k)R €

+++++++++ A+ A+ A+ A F A+
R I T T T T T T T T T o S S S S A S S S
++++++++F A A A+
+++++++++ A+ A+ A+
++++++++F A A A+ o+
++++++++ A+ A+
I R T T i S S o S S S S S S S S A S S e &
i Ik Tk Tk T T T T T I T S S S S A A S S S
++++++ A+ A A A+ o+
+++++++++ A+ A+
+++++++ A+ A A A+ A+
++++++++ A FF A+
I I T T S S A S S A e i A
++++++++++++ A+ A+ o+
+++++++ A+ A A A+ o+
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++++++++++++ A+ A+
++++++ A+ F A A A+
++++++++++++ A+ A+ o+
T o T T S S S S S A A A T i T T e i i
+++++++++++ A+ A+ A+ o+
++++ A+ F A A A+
++++++++++ A+ o+
Ik T T S S S S S S A S A e i i




Computational Cosmology initial conditions generators

= Zeldovich approximation:

X(t)=G+D(t)S(G)

5 ‘ 1
D(a)==Q H da
2 " { (@007 +(1-Q,,-Q,)a” +Q, |
S=vV¥
AW = §(%,)

& () =[BT 1],

we require the post-decoupling

power spectrum of density perturbations
(result of Boltzmann solver or use fitting formula...)
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Computational Cosmology initial conditions generators

= Zeldovich approximation:

X(t)=G+D(t)S(G)

5 ‘ 1
D(a)==Q H da
2 " { (@007 +(1-Q,,-Q,)a” +Q, |
S=vV¥
AW = §(%,)

S (k) =\ P, ()T* (k)R €

102

101

P(K) (IMpc/h]3)

Cluster D
abundance "\
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initial conditions generators

+

+ 4+ +

q+D(1)S(q)

= Zeldovich approximation
(1)

—

Computational Cosmology
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Computational Cosmology initial conditions generators

= Zeldovich approximation:

X(t)=G+D(t)S(G)
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initial conditions generators

= Zeldovich approximation:

X(t)=G+D(t)S(G)

da

5 Y 1
D(a)==Q H
2 " { (@007 +(1-Q,,-Q,)a” +Q, |
S=vw
AW = §(X,)

~

8, (k)= «/Po(k)Tz(klR,; e

R : Gaussian random number
@ :random phase

P(k) [h™*Mpc®]

10.000;
1.000;
O.lOO;
0.0lO;

0.001

0011

(Knebe et al. 2003)

0.1




Computational Cosmology initial conditions generators

1073k 1
» Zeldovich approximation: o PR
T resulting differences & L
in today’s halo mass function = ,,-4| 4
S [
o S 3
X(t)=qg+D()S(q) I |
1072 o7 o1
5 a 1 M [h'Mo)
D(a)=2Q,,H [ da T 4
2 " Q a’+(1-Q -Q, Ja’+Q
. o (2 o ) 16,000 ; .
S=Vv¥ -
AW =5(x,) -
1.000 ¢ .
~ r— E
8 (=R GT* (KR "] 2 :

0.100¢
R : Gaussian random number -
@ :random phase

P(k) [h™*Mpc®]

0.010

0.001

(Knebe et al. 2003)

0011
0.1

.0 10.0
[h Mpc™']




Computational Cosmology initial conditions generators

" Lagrangian perturbation theory

X(t) =g+ D(a)V¥ - DV'VP®?

0.10

025-Ipt2 vs. 025-Ipt1 ——— '
050-Ipt2 vs. 050-Ipt1 -~
0.08 - 100-Ipt2 vs. 100-Ipt1  --------
' 150-Ipt2 vs. 150-Ipt1 -
0.06

z=0 {.‘ié I"-

fractional difference in P(k)

A . N
/ Al .‘ s /, N
0.04 | A i
. ! Voo . LYo
1 Voo oy
: L g R
! M in I
I !
k - Yy h \
e ' ! "l \
1 | - !
Pl RPN . oo My
0.02 | ST A NV R A
. . . v / \ \ L R V| g
LSl T K4 .. 7 v N AR T R ' : 2
g ~ . Vo e MY h ¥
.-t T s s A : !
! 3 : 1" 1 "'
——————————————————— Y 1
.............................. h |

0.00

(Knebe et al. 2009)
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" Lagrangian perturbation theory

X(t) =g+ D(a)V¥ - DV'VP®?
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_ effect on halo mass function i
2.0 __ ..... z150-1pt1 ]
L z100-1pt1 |
L z050-1pt1 4
L mimimim z025-1pt1 |
S L - z150-1ptR 4
T"’* 1.5 e z100-1pt2 _
g L —  z050-Ipt2 ]
N L . z025-1pt2 |
: —
\ —
s |_ _
1.0 o i S
i 1 &
- 4 9
o
L - (@]
0.5 o=
_ e
B ()]
- 4 o
0
L — [0}
i 1 <
0.0 IIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII ~
10" 10" 102 10"

M [h'My)




Computational Cosmology initial conditions generators

= available codes

1990:
* COSMICS: http://web.mit.edu/edbert
* GRAFIC-2: http://web.mit.edu/edbert

* PMstartM http://astro.nmsu.edu/~aklypin/PM/pmcode

2000:

* N-genlC: http://www.h-its.org/tap-software-e/ngenic-code

* 2LPTic: http://cosmo.nyu.edu/roman/2LPT

2010:

* CICsASS: http://faculty.washington.edu/mcquinn/Init_Cond_Code.html
* Panphasia http://icc.dur.ac.uk/Panphasia.php

* MUSIC: https://www-n.oca.eu/ohahn/MUSIC

e ginnungagap:  https://github.com/ginnungagapgroup/ginnungagap



http://web.mit.edu/edbert
http://web.mit.edu/edbert
http://astro.nmsu.edu/~aklypin/PM/pmcode
http://www.h-its.org/tap-software-e/ngenic-code
http://cosmo.nyu.edu/roman/2LPT
http://faculty.washington.edu/mcquinn/Init_Cond_Code.html
http://icc.dur.ac.uk/Panphasia.php
https://www-n.oca.eu/ohahn/MUSIC
https://github.com/ginnungagapgroup/ginnungagap

Computational Cosmology

introduction
Boltzmann solver
initial conditions generators

simulation codes
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‘ ‘ || icto

T~AndV

+/Andromeda
Galaxy (M31)
+a

(i1l
"tAndVll
NGC 185 * 3l :
‘ c1474) EGB 0427+63

. NGC 205
And il [And T “M32

e
Pinwheel
Sagittarius
Dwarf §
| la
rregular LGS 3
Aquarius
Dwarf

simulation codes




Computational Cosmology

The collision of our Milky Way with the Andromeda Galaxy!
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simulation codes

The collision of our Milky Way with the Andromeda Galaxy!

T=0.00 Gyr

(courtesy Arman Khalatyan)
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simulation codes

The collision of our Milky Way with the Andromeda Galaxy!

(courtesy Arman Khalatyan)
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simulation codes

Erik Holmberg

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

VOLUME 94 ) NOVEMBER 1941 NUMBER 3

ON THE CLUSTERING TENDENCIES AMONG THE NEBULAE

II. A STUDY OF ENCOUNTERS BETWEEN LABORATORY MODELS OF
STELLAR SYSTEMS BY A NEW INTEGRATION PROCEDURE

ERIK HOLMBERG

ABSTRACT

In a previous paper* the writer discussed the possibility of explaining the observed clustering effects
among extragalactic nebulae as a result of captures. The present investigation deals with the important
problem of whether the loss of energy resulting from the tidal disturbances at a close encounter between
two nebulae is large enough to effect a capture. The tidal deformations of two models of stellar systems,
passing each other at a small distance, are studied by reconstructing, piece by piece, the orbits described
by the individual mass elements. The dificulty of integrating the total gravitational force acting upon
a certain element at a certain point of time is solved by replacing gravitation by light. The mass elements
are represented by light-bulbs, the candle power being proportional to mass, and the total light is meas-
ured by a photocell (Fig. 1). The nebulae are assumed to have a flattened shape, and each is represented
by 37 light-bulbs. Itisfound that the tidal deformations cause an increase in the attraction between the
two objects, the increase reaching its maximum value when the nebulae are separating, ie., after the
passage. The resulting loss of energy (Fig. 6) is comparatively large and may, in favorable cases, effect
a capture. The spiral arms developing during the encounter (Figs. 4) represent an interesting by-product
of the investigation. The direction of the arms depends on the direction of rotation of the nebulae with
respect to the direction of their space motions.

I. THE EXPERIMENTAL ARRANGEMENTS

The present paper is a study of the tidal disturbances appearing in stellar systems
which pass one another at small distances. These tidal disturbances are of some im-
portance since they are accompanied by a loss of energy which may result in a capture

between the two objects. In a previous paper* the writer discussed the clustering tend- :~
encies among extragalactic nebulae. A theory was put forth that the observed clustering :
effects are the result of captures between individual nebulae. The capture theory seems:
to be able to account not only for double and multiple nebulae but also for the large

extragalactic clusters. The present investigation tries to give an answer to the importart
question of whether the loss of energy accompanying a close encounter between two
nebulae is large enough to effect a capture.

A study of tidal disturbances is greatly facilitated if it can be restricted to only two
dimensions, i.e., to nebulae of a flattened shape, the principal planes of which coincide
with the plane of their hyperbolic orbits. In order to reconstruct the orbit described by

rMi. W. Conlr., No. 633; 4p. J., 92, 200, 1040.
383

1941
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simulation codes

|

Erik Holmberg

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

VOLUME 94 ) NOVEMBER 1941 NUMBER 3

ON THE CLUSTERING TENDENCIES AMONG THE NEBULAE

II. A STUDY OF ENCOUNTERS BETWEEN LABORATORY MODELS OF
STELLAR SYSTEMS BY A NEW INTEGRATION PROCEDURE

ERIK HOLMBERG

ABSTRACT

(Mice Galaxies)

1941
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simulation codes

Erik Holmberg

4m

* replacing gravity by light (same 1/r? law)

e formation of tidal features

————————

S

1941

- N=2x 37




Computational Cosmology simulation codes

e gravity of N bodies

mr=FF) YiEN

* the “brute force approach” scales like N

- Gmm, _ _
F)=-) (7~ 7))

i# J (ri_rj)

the summation over (N-1) particles has to be done for all N particles:

= number of floating point operations oc N(N-1) oc N?
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e gravity of N bodies

Imji=FG) ViEN

the summation over (N-1) particles has to be done for all N particles:

= number of floating point operations oc N(N-1) oc N?
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simulation codes

year |who ________ |what

1941
1963
1981
1983
1986
1991
1995
1997

2000++

Erik Holmberg
Svere Aarseth
George Efstathiou
Anatoly Klypin
Barnes & Hut
Hugh Couchman
Suisalu & Saar

Kravtsov

Springel
Springel
Hopkins

light bulbs

NBODY

P:M

PM

tree

AP:M

AMR (Adaptive Mesh Refinement)
ART

GADGET
Arepo
GIZMO
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simulation codes

year

1941
1963
1981
1983
1986
1991
1995
1997

2000++

COMPUTER
SIMULATION
USING
PARTICLES

sh Refinement)




Computational Cosmology simulation codes

. COMPUTER
SIMULATION

USING

1963 PARTICLES
1981

1983
1986
1991
1995
1997

sh Refinement)

2000++

still the one-and-only reference!
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the universe in a computer

* generating initial conditions

|. primordial matter density field
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the universe in a computer

* generating initial conditions

|. primordial matter density field

P(k) (IMpc/h]3)

102 |-

101

Cluster D
abundance‘\

1 1 lllllll 1 1 1111111 1 1

100
103

102 101 100
k (W/Mpc)

anisotropies in the matter field
(as calculated by Boltzmann solvers)
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the universe in a computer

* running the simulation

|. primordial matter density field

your favourite simulation code

N
7

2. today’s matter density field
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the universe in a computer

* running the simulation

N
7

|. primordial matter density field

cubical universe?

your favourite simulation code

2. today’s matter density field




Computational Cosmology the universe in a computer

* running the simulation

your favourite simulation code

N
7

|. primordial matter density field 2. today’s matter density field

cubical universe: infinity via periodic boundaries!




Computational Cosmology the universe in a computer

* running the simulation

cubical universe: infinity via periodic boundaries!




Computational Cosmology the universe in a computer

* running the simulation
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cubical universe: infinity via periodic boundaries!
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the universe in a computer

* running the simulation

|. primordial matter density field

your favourite simulation code

N
7

2. today’s matter density field
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the universe in a computer

* analysing the outputs

|. primordial matter density field

your favourite simulation code

N
7

software telescopes

3. halo/galaxy catalogue
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a workshop on finding haloes in cosmological simulations
at
La Cristalera de la Universidad Autonoma de Madrid

a workshop on
constructing merger trees
for cosmological simulations
in
Midhurst,West Sussex (UK)

08/07/2013 -12/07/2013

Madrid, 24/05/2010 — 28/05/2010

more Information and registration at
http://popia.ft.uam.es/HaloesGoingMAD

LBOPEAN
CIENCE
OLUNDATION

Subhaloes going Notts

-

e R -

: M[
i

Hig e 3 !
a'workshopon ﬂndi'nﬁuap‘& oes in p’})snii)lbﬁical simulations
+ -In ' q 7

I

Dovedale, Nottingham (UK) !

14/05/2012 - 18/05/2012

Jullan Onions
Stuart Muldrew
more information and registration at Hanni Lux
http://popia.ft.uam.es/SubhaloesGoingNotts Steffen Knollmann

Alexander Knebe
Steffen Knollmann
Gustavo Yepes
Justin Read

software telescopes

the universe in a computer

ensity field

L]
n I FTy COSI I IOIOgy- numerical simulations for large surveys
g 20 I 4 a workshop on the production of virtual skies

SOC: g r
Alexander Knebe <o o
Frazer Pearce : <

Juan Garcia-Bellido | =

Chris Power il

Richard Bower

more information.and registration at http://popia.ft.uam.es/nlFTyCosmology.

June 30 — July 18, 2014
Instituto de Fisica Teorica, Madrid

3. halo/galaxy catalogue
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e analysing the outputs: comparison

your favourite simulation code

N
7

|. primordial matter density field

comparison to reality

pd
~

3. halo/galaxy catalogue
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e analysing the outputs: comparison

Gas fraction Stellar fraction

=
o
o

Fraction

------ Kravtsov et al. 2018
2% Gonzalez et al. 2013
% Zhang et al. 2011

—— GADGET-MUSIC
-%- GADGET-X

(Cui et al. 2018)

| 13.0 13.5 140 145  15.0 13.0 135 140 145  15.0
log(Msgo [h 1M ]) log(Msgo [h 1Mo ])
v

comparison to reality

N

-

3. halo/galaxy catalogue
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e analysing the outputs: comparison and feedback!?

your favourite simulation code

N
7

|. primordial matter density field | adjustments 2. today’s matter density field

N

3. halo/galaxy catalogue
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the universe in a computer

* simulation of cosmic structure formation
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the universe in a computer
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the universe in a computer

 Millennium simulation (2005)

4 Gpe/h

N = 2160?
B = 500 Mpc/h

e

1s.6Mpe/i T |
b

250 Mpc/h
DL A I R
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the universe in a computer

 Millennium-Il simulation (2010)

40 h'Mpc

N =21603
B = 100 Mpc/h
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* Bolshoi simulation

- 250 Mpc/h Bolshoi ‘ o TR TR Rty N = 20483
' iX 5 B =250 Mpc/h

31Mpc/h Bolshoi’

.
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e MultiDark simulation
N = 38403
B = 1000 Mpc/h




Computational Cosmology

the universe in a computer

e MultiDark simulation

dark-matter only simulations!?

N = 38403
B = 1000 Mpc/h




Computational Cosmology the universe in a computer

e EAGLE full physics simulation
| N =2000°
B =75 Mpc/h




Computational Cosmology the universe in a computer

e EAGLE full physics vs. MultiDark dark-matter only simulation




Computational Cosmology the universe in a computer

e EAGLE full physics vs. MultiDark dark-matter only simulation




Computational Cosmology

the universe in a computer

e EAGLE full physics vs. MultiDark dark-matter only simulation

...and even still not captﬁring all systematics!




Computational Cosmology the universe in a computer

 approximate methods vs. full simulations

Full N-body

1
]
}

] pE

T N 1 e L et P .




Computational Cosmology the universe in a computer

 approximate methods vs. full simulations

Full N-body QLPT

T £ | L4 =
r. -, 1 b,

(Avila et al. 2015)




Computational Cosmology the universe in a computer

 approximate methods vs. full simulations

Full N-body QLPT

RS

. AT
-
5

s faster i

5

'HT.--' e . T EEWE. A

(Avila et al. 2015)




Computational Cosmology the universe in a computer

 approximate methods vs. full simulations

Full N-body QLPT

Fadr. 3 el : i !
l‘ . ':':4'-‘!1.'."'_“') 10 - + N RRPTT LTI PPPP PP i,

ot ‘- R + ‘

A Dy g + .

- Eid gy r ‘

S LW ! ey L raeemmarm—— |

oy - o -" e !

.‘—" i » - 1

N T AT AR PR 1t g ~

~ A ARE T iy N !

B oo . + !
My = % | it

A Vil 1

. 1

; : |

i P Hcell

|

1

|

1

g
(0

0.1

AL Gte ot L random No-exc -
o kLY 0.01 random exc -
3 R BN ' ranked exc e

T gy ‘.i." R T - o=1.5 exc
CeE R 2 0.001 0=2 exc %

.:r‘.j .-5"“%4 {._!" A L ....GOLIAT | ...

B 5, B . —
TR % ’*,..;;»j ‘* , i but requires sophisticated tuning to match quantitatively... || .

a(M) exc s lk

N me iw| 0.0001

(Avila et al. 2015)




Computational Cosmology

" introduction
" Boltzmann solver
" initial conditions generators

" simulation codes
* the N-body principle
* the equations-of-motion

e the forces




Computational Cosmology the n-body principle

dark matter particles are collisionless!

(i.e. the evolution is driven by the mean field rather than 2-body interactions)




Computational Cosmology the n-body principle

dark matter particles are collisionless!

(i.e. the evolution is driven by the mean field rather than 2-body interactions)

" mean free path of dark matter particles




Computational Cosmology the n-body principle

dark matter particles are collisionless!

(i.e. the evolution is driven by the mean field rather than 2-body interactions)

" mean free path of dark matter particles

-39

-42 2 10 ™
O = 10 cm & “‘* ’
=) 7
2 =22 9 h R4 %
mp,, =10°GeV =107 ¢ - . g
= ) —~
Q40 g 3
~107%° 8 Z107°} g
pcrit = 3 ix 2
cm § 2
= b
= 3
g -
g 10—-” | : E
P NmDM =nm QZI_ - Ge Diode \ 5
crit 1% bM = - - Nal DAMA s
; - CDMS E
g 1 | expected CDMS sensitivity |
10 10 10
cm WIMP Mass [GeV]




Computational Cosmology the n-body principle

dark matter particles are collisionless!

(i.e. the evolution is driven by the mean field rather than 2-body interactions)

" mean free path of dark matter particles

) 107
_ - .
[ o=10""cm ] - .“‘* f
=) 7
2 =22 2 h R4 %
mDM = 10 GeV = 1 g g l"\ !‘I .‘,I
o = AY - ~
D dl ; ~ 3
~107%° 8 Z107°} g
pcrit = 3 ix 2
cm § 2
= e
= 3
g -
g 10—-” : E
0 NmDM =nm QZI_ - Ge Diode \ 3
crit 1% bM = - - Nal DAMA s
; - CDMS g
g 1 | expected CDMS sensitivity |
n=10" 3 105 ) 4
10 10 10
cm WIMP Mass [GeV]

1 1

50 30
- ~ 10107 cm=10"cm =107 Mpc

2=




Computational Cosmology the n-body principle

how to describe a collisionless system?




Computational Cosmology the n-body principle

» phase-space distribution function

fryv,t) d’r dv

probability” of finding a dark matter particle in the interval:

—

. dr . dr
F-Y e
2 2
. dv - dv
V——, V+—
| 2]

e.g., particle with velocity v, and coordinate ri:  f(7,v) =0(r —1)0(v —v,)

[fEI & dv=1 continuity, self-gravity and no collisions =>




Computational Cosmology

the n-body principle

= collisionless Boltzmann equation (CBE)

7

ot

"ar, dr v,

l

+§(V'af_§d> df)=0

i=1

= coupled with Poisson’ s equation

AD(F) = 40Gp(F)




Computational Cosmology the n-body principle

= collisionless Boltzmann equation (CBE)

3
()]
i{_z Vi&f_§ of
ot or, or. dv,

l

) =0 = difficult to solve numerically!

i=1

= coupled with Poisson’ s equation

AD(r) = 47Gp(r) = we’ Il deal with it later...




Computational Cosmology

the n-body principle

= collisionless Boltzmann equation (CBE)

"ar, dr v,

l

o ~ o oD f
5+E(V. — )=0

i=1

* “method of characteristics”:

a9 _
p” +{f.H}=0

l

A7)
dt

0

H = %vz + D(r)
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the n-body principle

* “method of characteristics”:

%+{f,H}=O H=%v2+<l)(i7)

l

A7)
dt

l

f is constant along the possible trajectories [7(1),V(?)]

0

oy =2
f(Fy,0) = f(7,,V,,0) V7,V satisfying &VH
wHy=-2

or




Computational Cosmology the n-body principle

* “method of characteristics”:

7 _ L e
at+{f,H}—O H—2v + D(7)

solution to CBE

7y =2

F(F,5.1) = f(7.,5,,0) VI[F.i]satisfying N
} oH
{V,H}=——
or

l

the problems “reduces” to finding [r(¢), v(¢)] for a given initial value problem f(r,,v,)




Computational Cosmology the n-body principle

" initial value problem

the initial values Hamiltonian of the system the equations of motion
- = 1 R
F (1) 7)) H=1v+ () (7.Hy =1
2 Py
~ H
oy =2
or

" N-body approac

|. sample f(r,(t,),v{(t,)) with i=1, ..., N points [ri(t,),vt))]

2. those [r/(?),v,(t)] obeying the equations-of-motion sample f(r,(¢),v,(1))




Computational Cosmology the n-body principle

" consistency check...

. oH dr .
{I’,H}=g H=%v2+®(f) E=v F=-V@ 2? [:*:
G- Y __ve ar
’ - dt

or




Computational Cosmology

the n-body principle

= collisionless system of N-bodies

* equations-of-motion

ar

— =Y

dt

v _ —V® = F(7.1)
dt
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the n-body principle

= collisionless system of N-bodies

* equations-of-motion

dr

=z

dt
v _ —V® = F(7.1)
dt

one “simulation particle”
represents
billions of dark matter particles:

msimu~107M@ A mDM<<10'6OM@

A J

‘4l the evolution of the Universe ¢

i3

N bodies are used to sample

sk gt

- .
g X
. (g
Tk
o
o v
? 4
Y )
N "
B
v %
»
>
-
-
w




Computational Cosmology

the n-body principle

= collisionless system of N-bodies

* equations-of-motion

one “simulation particle”
represents
billions of dark matter particles:

msimu~107M@ A mDM<<10'6OM@

ﬁ 1\&" 05 ,*i‘.,
o At

(non-baryonic) dark matter candidates

axion: 10° eV
neutrino:  10eV
WIMP: 1-103 GeV
monopoles: 10'¢ GeV

Planck relics:10'° GeV
m

0.5MeV =9-10%g




Computational Cosmology

the n-body principle

= collisionless system of N-bodies

* equations-of-motion

one “simulation particle”
represents
billions of dark matter particles:

msimu~107M@ A mDM<<10'6OM@




Computational Cosmology

the n-body principle

* equations-of-motion

= collisionless system of N-bodies




Computational Cosmology

the n-body principle

= collisionless system of N-bodies

* equations-of-motion

dr _
_=v

dt

v _ V& = F(#,1)
dt

* the forces (details follow later...)

o “particle” approach: F(7) = _EGLJQQ _7)

o “grid” approach: AD(Z, ) = 4717G(p(§i’j’k) - ﬁ)

F(g, ) =-VO@,,,)




Computational Cosmology the n-body principle

= collisionless system of N-bodies

* equations-of-motion

ar

— =Y

dt

v _ V& = F(#,1)
dt

* the forces (details follow later...)
‘“ . ” . - ij - -
O partlcle approach. F(rl) = _2—3(;3 — rj) manually soften force

i=j (rl _rj)

o “grid” approach: AD(Z, ) = 4717G(p(§i,j’k) - /_))

F(gi,j,k) = _V(I)(gi,j,k)

automatically softened
on grid-scale




Computational Cosmology

the n-body principle

= collisionless system of N-bodies

* equations-of-motion

ar

— =Y

dt

v _ —V® = F(7.1)
dt

* the forces (details follow later...)

o “particle” approach: F(7) = _E Gm, F —F)

o “grid” approach: AD(Z, ) = 4717G(p(§i’j’k) - ﬁ)

F(g, ) =-VO@,,,)




Computational Cosmology

" introduction
" Boltzmann solver
" initial conditions generators

" simulation codes
* the N-body principle
* the equations-of-motion

e the forces




Computational Cosmology

the equations-of-motion

" introduction of comoving coordinates

all length scales scale like a(?)

r(t) =a(t)x(t)

expanding Universe

a(t)




Computational Cosmology the equations-of-motion

" introduction of comoving coordinates

all length scales scale like a(?)

r(t) =a(t)x(t)

expanding Universe

a(t) 7

— we are only interested in the peculiar motion...




Computational Cosmology the equations-of-motion

" introduction of comoving coordinates

r(t) = a(t)x(1)

dr _ p(t) = a()[V (1) - H()F (1)] i P

a5 i p

dt — T a &

dv dp

= -V
dt




Computational Cosmology

the equations-of-motion

" introduction of comoving coordinates

r(t) = a(t)x(1)
p(0) =a@®)[v(r) - H(t)r(1)]

F Leapfrog (fixed stepsize)
F e=09

11200 orbits

£ 2010.6 steps / orbit

-1
(only every 10-th orbit drawn)
del.

E 5569.2 forces / orbit

T T T T Eas!
- second-order Runge-Kutta
Eoe=09

- 51 orbits

L 2784.6 steps / orbit

(only every 10-th orbit drawn)

ol b b ead

-1 0 1 2

- J

integrated via
symplectic 2"9 order accurate
leap-frog scheme

. . At p”
g2 _gn AT ]Z
2 am

ﬁn+1 _ ]—511 — At ﬁxlan/Z

—n+l
.;C’n+1 — X:n+1/2 +£ p2
2 am




the equations-of-motion

Computational Cosmology

" introduction of comoving coordinates

r(t) = a(t)x(t)

ar _ p(t) = a()[V(2) - H(H)F(1)] @i P
dr -7 /\ it = Pe)

Lo vo D gy

AD =41Gp A= 4:;’G (.- D)

(¥ : peculiar potential!)




Computational Cosmology the equations-of-motion

" introduction of comoving coordinates

F(1) = a(t)X(1)
dr p(t) = a()[V (1) = H(1)F (1)] @i P
a2

(¥ : peculiar potential!)

how to obtain the forces/potential?




Computational Cosmology

" introduction
" Boltzmann solver
" initial conditions generators

" simulation codes
* the N-body principle
* the equations-of-motion

 the forces




Computational Cosmology the forces

= the forces — in comoving coordinates

particle approach

. Gmm, _ _
F(xl.)=—z—]3(xi—xj)

471G i j ('xi_xj)
JT —
Ay =—=—(p.-P)

grid approach

AUJ(gk,z,m) = 4777GP(§k,z,m)
F(gk,l,m) = _Vw(gk,l,m)




Computational Cosmology

the forces

= the forces — in comoving coordinates

particle approach
Gmm

i=j

4nG _
Ay=—(p.-p)
a
grid approach

AUJ(gk,z,m) = 4777GP(§k,z,m)
F(gk,l,m) = _Vw(gk,l,m)

ﬁ(}l) = _E (Xl- _lxjj)

3(-%»1'_5‘:»]')




Computational Cosmology

the forces

" particle approach

F;(xz) = _E

SR %) ViEN

J




Computational Cosmology

the forces

" particle approach

=] I J




Computational Cosmology the forces

" particle approach

. Gm .
F(¥)=-), Gy B VIEN
l J

i=j

= overcoming the N2 bottleneck by using a “tree”

walking the tree (Vie N):

distant particles into aggregates




Computational Cosmology

the forces

" particle approach

iy =3

= other subtleties:

* need to avoid singularity for x=x;

* period boundary conditions

(% -%.) ViEN
.)3 i j

J

=> force softening

=> Ewald summation
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the forces

" particle approach

F.(x

l

" open-source code:

* GADGET?2

ij

i

<

[ Dict AIPv Astrov Bankingv Berlinvy

& The Integrator--Integral GADGET-2

(X, —x))

¢ | |+ | |6t | mdhttp://www.mpa-garching.mpg.de/galform/gadget/index.shtml

~(¥,-%,) ViEN

GADGET-2
~Q- GADGET garching

Lifestylev Macv Mailv Miscy Musicy Newspaperv Shoppingy AK AMIGA Send

MPA-HOMEPAGE

Max-Planck-Institut

fiir Astrophysik

Go to

General
-Description
~Features
-Authors
-Acknowledgments

Software
-Download
-Requirements
~License

ailing List
~Change-Log
-Examples
Documentation
-Code-Paper
Guide
Reference

-Cod

Publications
-Scientific Papers
-Pictures

-Movies

contact | press | links | site map | disclaimer | INTERNAL
» search

Quickfinder
bgo

GADGET-2

MPA Homepage > Scientific Research > Research Groups > Galaxy
Formation > GADGET-2

GADGET-2: Galaxies with dark matter and gas interact

A code for cosmological simulations of structure formation

Description

GADGET is a freely available code for cosmological N-body/SPH simulations on massively parallel
computers with distributed memory. GADGET uses an explicit communication model that is
implemented with the standardized MPI communication interface. The code can be run on
essentially all supercomputer systems presently in use, including clusters of workstations or
individual PCs.

GADGET computes gravitational forces with a hierarchical tree algorithm (optionally in
combination with a particle-mesh scheme for long-range gravitational forces) and represents fluids
by means of smoothed particle hydrodynamics (SPH). The code can be used for studies of isolated
systems, or for simulations that include the cosmological expansion of space, both with or without
periodic boundary conditions. In all these types of simulations, GADGET follows the evolution of
a self-gravitating collisionless N-body system, and allows gas dynamics to be optionally included.
Both the force computation and the time stepping of GADGET are fully adaptive, with a dynamic
range which is, in principle, unlimited.

GADGET can therefore be used to address a wide array of astrophysically interesting problems,
ranging from colliding and merging galaxies, to the formation of large-scale structure in the
Universe. With the inclusion of additional physical processes such as radiative cooling and heating,
GADGET can also be used to study the dynamics of the gaseous intergalactic medium, or to
address star formation and its regulation by feedback processes.




Computational Cosmology the forces

= the forces — in comoving coordinates

particle approach

. Gmm, _ _
F(xl.)=—z—]3(xi—xj)

471G i j ('xi_xj)
JT —
Ay =—=—(p.-P)

grid approach
AUJ(gk,z,m) = 4777GP(§k,z,m)
F(gk,l,m) = _Vw(gk,l,m)




Computational Cosmology the forces

" grid approach

- 4nG, _
AY(8i1m) = g (:O(gk,z,m) ~ P) .
»
ﬁ(gk,l,m) = _Vw(gk,l,m) ’
|. calculate mass density on grid X; = P(8i)
2. solve Poisson’ s equation on grid D(81m)
3. differentiate potential to get forces F(Z,,)

4.interpolate forces back to particles F(3,,,) — F(Z)




Computational Cosmology the forces

" orid approach

- 4nG, _
AY(8y ;) = T(p(gk,l,m) - P) °
»
ﬁ(gk,l,m) = _Vw(gk,l,m) ’
|. calculate mass density on grid X; = P(8i)
2. solve Poisson’ s equation on grid D(81m)
3. differentiate potential to get forces F(Z,,)
4.interpolate forces back to particles F(3,,,) — F(Z)

sounds like a waste of time and computer resources,

but exceptionally fast in practice




Computational Cosmology the forces

" orid approach

- 4nG, _
Aw(gk,l,m) = a (lo(gk,l,m) - p) ¢
»
ﬁ(gk,l,m) = _Vw(gk,l,m) ’
|. calculate mass density on grid X; = P(8i)
[ 2. solve Poisson’ s equation on grid D(81m) ] ?
3. differentiate potential to get forces F(Z,,)
4.interpolate forces back to particles F(3,,,) — F(Z)

sounds like a waste of time and computer resources,

but exceptionally fast in practice




Computational Cosmology the forces

" grid approach

471G

AY (i) ==~ (0(uin) = P)

= numerically solve Poisson’ s equation via Fourier Transforms

Ay =S — equation we wish to solve




Computational Cosmology the forces

" orid approach

471G

AY (i) ==~ (0(uin) = P)

= numerically solve Poisson’ s equation via Fourier Transforms

Ay =S — equation we wish to solve

AG =5 —> equation way easier to solve...
(6 = Dirac’ s delta-function)




Computational Cosmology the forces

" grid approach

471G

AY (i) ==~ (0(uin) = P)

= numerically solve Poisson’ s equation via Fourier Transforms

Ay =S — equation we wish to solve

AG =5 —> equation way easier to solve...
(6 = Dirac’ s delta-function)

* Green’ s function of Poisson’ s equation:

V1

G(k) = e — Fourier Space
1

4 x

G(x) =

— Real Space




Computational Cosmology the forces

" orid approach

471G

AY (i) ==~ (0(uin) = P)

= numerically solve Poisson’ s equation via Fourier Transforms

Ay =S

¥ = [[[ GG -7) SGNd*x' — Real Space

P(k) = G(k)S(k) — Fourier Space




Computational Cosmology the forces

" orid approach

471G

AY (i) ==~ (0(uin) = P)

= numerically solve Poisson’ s equation via Fourier Transforms

Y=p®G
FFT — convolution becomes multiplication
Voo

b=p 6

FFT

v

4

FFT demands a regular grid though!
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the forces

" orid approach

471G

Aw(gk,l,m = 7 p(gk,l,m) - ﬁ

" open-source code:

- AMIGA

AMIGA - AMIGA
< + @ http://popia.ft.uam.es/AMIGA/ ¢ | (Qr Google
Dict-EN  Dict-ES Astrov UAMv MADv Bankingv Lifestylev Macv Mailv Miscv Musicy Newspaperv Shoppingv AK Send TV (elpais) Born of Hope FPl La Metralleta

AMIGA - AMIGA +
AMIGA Documentation Feedback

AMIGA

Adaptive Mesh Investigations of Galaxy Assembly

wAMIGA

AMIGA will become the successor of MLAPM....one fine day...
For those brave enough to live with some bugs here and there and always feel the urge to play with the beta versions, respectively, are more than welcome to grab a copy of the source right here, right now.

Please note that the halo finder AHF is an integral part of the simulation code AMIGA. Check the documentation for more information.

amiga-v0.0.tqz always the latest beta version
(please check the BUILT parameter src/param.h to verify if you are up-to-date...)

Sampletgz  some LCDM sample simulations
(ot needed, but very useful...)

If you are going to use AMIGA or AHF, please register. This is the only way to inform you about bug fixes and other improvements, respectively.

Last modified: 20/04/2010 (BUILT 302: minor bug fixes; check changelog.bd for details)
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the forces

" hybrid approach

* treePM
— long-range force
— short-range force

* P3M
— long-range force
— short-range force

* AMR

PM method
tree method

PM method
PP method (direct summation)

— PM method, but recursively refining cells




Computational Cosmology the forces

" hybrid approach

density field of simulated galaxy cluster

adaptive grid hierarchy
* AMR

— PM method, but recursively refining cells




Computational Cosmology the forces

" hybrid approach

not limited to astrophysics

* AMR
— PM method, but recursively refining cells




Computational Cosmology

= full set of equations

* collisionless matter (e.g. dark matter)

dx ~
a
v,
--V
dt ¢

A¢ =4nGp,,




Computational Cosmology

= full set of equations

* collisionless matter (e.g. dark matter)

dx -
dZM =Vpum
v,
=-V
dt ¢

- collisional matter (e.g. gas)

ap

Py + V- (pv)

d( pv - - -
(p7) +V- p\7®\7+(p+LB2)l—lB®BJ
ot 2u u

APE) +V: pE+p+LB217—l|:“-B’]BF
ot 2u u

A¢p =4nGp,,
=0 §=—Vx(\7x§)

=p (-V¢)

= pv- (-V¢)+(C-L)

(v =1)pe

€ E L ov?
= - — 0y
PE =P 2p




Computational Cosmology

= full set of equations

* collisionless matter (e.g. dark matter)

dx,, -
—=2L =y
dt DM
—d‘;{DM 4-V¢ |dominated by long-range interactions!
t

- collisional matter (e.g. gas)

ap

Py + V- (pv) =0
a = - — —
) v p§®\7+(p+i32)1-13®3) =p (-V¢)
ot 2u u
07(pE) Lol 1re 215 v
V- || oE —B°lv-—|v:-B|B =pv- (- -
a [p +p+2u ]v ,u[ ] pr Vo))

(v ~1)pe

p

€ E L v
= - — 0y
PE =P 2,0

[ Ap = 4nGpm]
§=—Vx(\7 xé)
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= full set of equations

* collisionless matter (e.g. dark matter)

dx -
oo
v,
=-V
dt ¢
Ap =4nGp,,
* collisional matter (e.g. gas) . , ,
dominated by short-range/local interactions!
é’p [ h é’é -
— +V-(pv) -0 5=—Vx(va)
d(pv U [
(p7) +V-|py®v+ p+LB2 1—lB®B =p (-V¢)
ot 2u u
APE) |, v. E + p+ B v—l[ﬁ-é]é = pv- (-V¢)+(T'-L)
ot 2u u
. J
p=(r-1)pe

€ E L v
= - — 0y
PE =P 2,0




Computational Cosmology the universe in a computer

* simulation of cosmic structure formation

your favourite simulation code

N
7

|. primordial matter density field 2. today’s matter density field

N

3. halo/galaxy catalogue




Computational Cosmology the universe in a computer

* simulation of cosmic structure formation

ode

your ff\ourite simulg

%

movie time!

|. primordial matge

3. halo/galaxy catalogue




Computational Cosmology movie time

» formation of large-scale structure (Local Universe!)




Computational Cosmology movie time

* formation of Local Group — incl. gas (CDM vs.WDM)

z=40.999 z=40.999




Computational Cosmology movie time

* formation of MW-type object — incl. gas (CDM)

0.4 Gyr
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Computational Cosmology

CosmoSim

(ONONG®

Wunschzette Dict-EN

Dict-ES  Astro

CosmoSim Blog

Documentation

www.cosmosim.org

AM MAD Lifestyle Mac

Database Files

' €
ISITIHLOU NI

Banking Misc Movies

CosmoSim

Query

The CosmoSim database provides results from cosmological simulations performed within different
projects: MultiDark and Bolshoi, CLUES, and Galaxies.

The Spanish MultiDark Consolider
project supports efforts to identify
and detect matter, including dark
matter  simulations of the

universe.

MDR1
SMDPL

MDPL
MDPL2

BigMDPL
Bolshoi
BolshoiP

https://www.cosmosim.org/#

Available now for the MDPL2

simulation - galaxy catalogs
contain galaxy properties from

different semi-analytical codes.

MDPL2 Galacticus
MDPL2 SAG
MDPL2 SAGE

Constrained Local Un

CLUES.

ESimdiations

The CLUES project produces
constrained simulations of the
local universe, partially with gas
and star formation.

Clues3_LGDM
Clues3_LGGas

Shopping Anja

Contact Login

Register to CosmoSim

AIP

CosmoSim.org is hosted and
maintained by the Leibniz-Institute
for Astrophysics Potsdam (AIP).
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Computational Cosmology zoom initial conditions

MultiDark Simulation
B=1000 Mpc/h

density map of dark matter in a slice...




Computational Cosmology zoom initial conditions

MultiDark»Simulation |
+~ B=1000 Mpc/h

denéity map of dark matter haloes'in a "slice...




Computational Cosmology zoom initial conditions

Mul,tiDarkﬁ’Simula,tion |
+* B=1000 Mpc/h

to be re-simulated |
w/ full physics... - ' @

denéit‘y map of haloes in & slice...




Computational Cosmology

zoom initial conditions

"  run a low resolution simulation

= identify an interesting object

= trace back particles of that object to Lagrangian positions in IC’s

" re-sample waves in that area with more particles

"  re-run the whole simulation




Computational Cosmology zoom initial conditions

® |ow resolution simulation




Computational Cosmology zoom initial conditions

® |ow resolution simulation

identify collapsed region
in initial conditions
and re-sample with more particles...




Computational Cosmology zoom initial conditions

® |ow resolution simulation

resimulate with
higher resolution




Computational Cosmology zoom initial conditions

= zoom initial conditions

resimulate with
higher resolution




Computational Cosmology zoom initial conditions

= zoom simulation

Visualisation of N-body Simulations

Software: PVIEW

http://astronomy.swin.edu.au/PVIEW/
Stuart Gill, Paul Bourke
Simulation data by Dr Alexander Knebe

Astrophysics and Supercomputing
Swinburne University




