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HPC challenges in simulation
osmological Struture Formation

Klaus Dolag, Universitiats Sternwarte Miinchen




...it's full of stars

Dave (2001: Space Odyssee):
!!My GOd! it‘S fl.l" Of stars - Bild: APOD 23. Aug 2010, Alex Cherney, Terrastro



 Not only, but it is even

\ LR i

Bild: NASA, ESA,M.J. Jee and H. Fard . : « - Bild: APOD 21. Juli 2008, Gemini Observatory



e e numbers i
o of atoms m a dlce. Impossible = -
~ todircetly simulate !
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: Phof‘é: Rbbeh‘ _Géndler

Stars (200.000.000.000)
Galaxies (100'000'000'000) Bild: APOD 23. Aug 2010, Alex Cherney, Terrastro
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Auf zwei mit dem Bruce-Teleskop genommenen Auf- |

interessante Gegend des Himmels. Um die Stelle

@ = 13"52M6 4 +28° 42’ (1855.0)
stehen ndmlich zahlreiche kleine Nebelflecken so dicht bei-
sammen, dass man beim Anblick der Gegend fGrmlich tiber
das merkwiirdige Aussehen dieses »Nebelhaufens« erschrickt.

Heidelberg, 1g9or Mirz 27.
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Ein merkwiirdiger Haufen von Nebelflecken.

nahmen vom 24. Mirz dieses Jahres, welche die Umgebung |
von 31 Comae Berenices darstellen, findet sich eine sehr |
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Ich habe die Anzahl der Nebel in einem Kreis von 30’
Durchmesser um die angegebene Stelle bestimmt und finde,
dass mindestens 108 Nebelflecken auf dieser Fliche bei-
sammen stehen, also auf einer Fliche etwa von der Grosse
des Volimondes. Darunter sind vier oder fiinf gréssere aus-
gedehnte und centralverdichtete Nebel, sowie mehrere lang-
gestreckte, Die weitaus meisten haben aber rundliche Form
und sind kleiner, *)

Max Wolf.
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Ein merkwiirdiger Haufen von Nebelflecken.

Es ist sofort zu sehen, wenn man die Tabelle oder die Tafel betrachtet, dass das Zusammendringen der Nebel
immer stirker wird, je weiter man in’s Innere der Hauptinsel eindringt. Je ndhcr man dem Puncte grosster Dichtigkeit
kommt, umso dlchter treten auch die Nebel an einander, so dass auf dem imnersten Quadratgrad mehr als 320 einzelne
Nebelflecken beisammen stehen. An der dichtesten Stelle dieses »Weltpoles« finden sich mehr als 70 Nebel auf der
Fliche von /,s Quadratgrad.

Wir finden also hier ein villig gesetzmissiges Verhalten in der Anordnung dieser fernen Welten; und dieser
ungeheure Reichthum fihrt uns so eine Ordnung im Weltsystem vor Augen, die sicher fiir die Erkenntniss des
Universums von allergrsster Bedeutung ist, von der wir uns aber auch zugestehen miissen, dass wir noch lange keine
erschopfende Erklirung fir sie werden finden konnen, ¥)

e = % - n -
128557 E - 2 12088

lo

e

the regular behavior within the
arrangement of these distant
worlds ... of greatest significance
for understanding the universe !

‘-‘:

M Wolf (1863 193)

Nebelvertheilung um den Pol der Milchstrasse o | " ’ \{ Quelle dla “
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, systems can b’e followed
applymg newton‘s Iaw of
N grawty _, o
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GALAXY EVOLUTION Ly

CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

INFLATION

4+ TH
- Bl
. BANG

Now
13,700,000,000 YEARS
AFTER BIG BANG

SADDY A4V A1)

CosMicC MICROWAVE

BACKGROUND
400,000 YEARS AFTER
BIG BANG
FIRST GALAXIES
1000,000,000 YEARS
AFTER BIG BANG
k)
s
-4
FORMATION OF
| THE SOLAR SYSTEM

8,700,000,000 YEARS
AFTER BIG BANG

& Rhys Taylor, Cardiff University (Planck)



SPT 2014

After two decadés We can map the mltlal fluctuatlons of the
structures in the universe with very high precission.
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COmpositio o
the Universe

Dark Matter
500 1000 1500 2000

Dark Energy

SPT un AC1 . ]
e R P+ Expansion history |
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Discretizing the matter distribution
and starting from initial Gaussian
density perturbation solving the

il N-body problem:

Speéding L|p thé n? problém by
building a Tree structure to

. approximate the forces.
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- formation of typical, cosrhic strulétl'lres like
voids, filaments and collapsed objects (e.q.
galaxies and galaxy clusters)
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Sync-Point 778948, Time: 0.304166, Redshift: 2.28768, Systemstep: 7.4529%e-08, Dloga: 2.45027e-07

Occupied timebins: non-cells cells dt cumulative A D avg-time cpu-frac

bin=17 3691699971 3369262024 0.001003631309 7765818991 595.00 7.8%

bin=16 222244624 113555358 0.000501815654 704836996 324.98 4.3%

bin=15 192638063 55376259 0.000250907827 369037014 260.81 6.9%

X bin=14 15764 27335556 0.000125453914 121022692 273.60 14.4%

X bin=13 9092395 131686845 0.000062726957 31071372 130.15 13.7%

A X bin=12 1476314 4993371 0.000031363478 8790132 68.56 14. 4%

X bin=11 202915 1571775 0.000015681739 23168447 31.35 13.2%

X bin=10 627 426009 0.000007840870 543757 1.60 1.3%

X bin= 9 144 98760 0.000003920435 117121 1.16 1.9%

X bin= 8 21 14971 0.000001960217 18217 0.95 3.2%

X bin= 2800 0.000000980109 3225 0.60 4.1%

© X bin= 0.000000450054 424 0.39 5.2%

X bin= 0.000000245027 9 0.35 9.5%

. : 73390182 X Sum: 121022692
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‘Particles to be ;J:
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distributed among ";,c
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;.{ .vs' N by _'." Domains are obtained by cutting the
8 Peano-Hilbert curve into segments

. Splitting gravity in
short range (Tree)
and long range (FFT)

x>

(I)_* _ (I)lﬂ'ﬂg 1+ q)short ‘

(I)Shmt(f) — G Z

<I>£fmg ® exp(— k22

* density on the grid
Pm =73 me Ti — Tm). |

* solve for ¢ using FFT methods
8(2) = [ ol —#)ol@)z

.....

*» calculate force using finite differences
(x) Diy1k — i1k
o —
1,7,k 2h :
* 1nterpolate force back to particles

ZW Ty = f'my 0.0001 0.0010 0.0100 0.1000 0.0001 0.0010 r0/.2100 01000
. r/L




The distribution
of galaxies in the
universe and in
simulations.

% a =,
pa.mpa-garchin

Springel 2005



’ ne . ’ - | {’i"n’,
Eulerian Lagrangian SPH |

discretized space discretized mass kernel estimate
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re, many "t‘lé't"dils;
'_;%é:actual fluid
roperties go in.’
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J1irect observation of Dark Matter:

Infalling DM g =T “‘; W Infalling gos
5
. T -
s Srraad =W
o7 N
- B T

snop: B3, t= 7.625

- snop: 53, t= 7.625

A Tt Observed distribution
< . of gas

-y
Fe
o

Observed distribution of
dark matter + galaxies
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ren

Z3 1941 1943 (Germany) % o SuperMUC 201 3- (Munchen)
5 Computatlons per second

}r ¥ PEtaﬂops (3*1015 per second)
r‘\\ ‘Y'. ’i?_,‘. :.‘:,X‘: .-.;N : ‘\\‘(',.— oo S 3
by P " \ J y ._'.
K

deasmmion  (SPringel 2005) , < \

PM or AP'M

‘ -
J
Ny ¢ : / }
&‘ é ’ . - ¥ F
¥ 5 . i .2
distributed-memory parallel Tree . 7 - D - : - 4 A
- BT L 9 b sl ~F < - 3
y | .

parallel or vectorized P°M

distributed-memory paralle] TreePM / | M 00 re‘ S L aWw: D o u b I es a I I 1 5 Yea rs ok

1.4 Years

simulation particles



M’f Box2b/hr, Box0/mr
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( 27: Bonquet et al. 2016 Ma neticum - . )?’\ A
10" [ Se'ooiog et o 2019 9 MassweBlackll

25; Schaye et al, 2015
24p Genel et al, 2014
23r Khandar et al. 2014 ~§\
{0 22: Soro el ol 2014 & ,,¢f
10"V |- 21: VonDaglen et ol, 2014 e
205 Hirschmonn el al, 2014 Q : 2 f
19r Dave et al. 2013 Q . - i’
18; Puchwein et ol, 2013 \¥ w “'-
{7} Cuf el ol, 2012 e
IB{ Vogelsherger et al, 2012 q,Q‘\
109 | 15¢ Dave et al. 2011

{4: Chen et al, 2010
{3x DeBonf el ol, 2011

|2r Schaye et al, 2010 4 J-&, ~
1 1r Planelles et al. 2009 Y
10; Oppenhelmer et ol 4008
108 | 0% DiNatteo et ol, 3408 @
O 08t Dolag el ol
07t Kay et al. 2404 @
06; Borgonl #A ol, 2004

05: Springel et ol, 2003
04r Murdfi et al. 2002
7 03t Dave et al. 2001
10 — 02y%Pearce et ol, 1999
17 Kotz et ol, 1996
00r Metzler et al. 1994

©es®

resolution elements

in completed cosmological
simulations over time.

©

10°F
Cooling + star-formation
@ + SMBH treatment
1 O4 L I L 1 'l L I L 1 L L I L 1 L 1 I L 1 L 1 I L

1995 2000 2005 2010 2015
Yeaqr
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&Stellar evoliition mod,el*(sub-scale) | »5"‘\ &

Energy a, SNH 5 P rnatc_)re ‘et al. 2003/20{]7 Ly G W
: .J"v' o Ry
Metals: SN » SNII, AGB winds, fractlon of stars in bmary systems

g H He,C Ca,O N Ne,Mg SNIa fate' " T R % ¢ ‘“!.J.,..
}/ ,Sl,FE,Na,Al AK,N] ‘ T s N 11 e ,f\ :
\, g ‘."m ~ ? i RSN[&(I) = A f ¢(’HB) f(l‘l) '1[/ (1t — Ty ) d“ dﬁ?B .
'. 7 - f_’ MR inf Hm o “,|
.’ ’ " : “.

mass range of SN1a binary systems
(0.8-8Msol)

g
w -
. : v
s
g .
.
_ I

Rsnmjms (1) = ¢ (m(1)) x (—

IMF:
Salpeter, Kroupa, Chabrier,
. | Arimoto & Yoshii

R
"

Stellar yleldS° — P N
AGB: Groenewegen, Karakas , 10[( 1.34—/1.79-0.22(7.76—log(m)))/0.11]-9 for m < 6.6 M.’T‘. o
SN1a: Thielemann _ B
SNII: Woosly & Weaver 1.2m='% 4+ 0.003 otherwise.

‘ Romano, obayashl,






Formation of galaxy clusters: stars
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| Seeding

Constant seeding
A Seedlng on m-s1gma

Accretion on BH

o -Bondi (Springl & Di Matteo 06)
B -Bondi (Booth & Schaye 09)
cold/hot (Bachmann et al. 14)

Feedback

Thermal (Springel & Di Matteo 06)
| Bubbles (Sijacki et al. 07)

# Mass dependent (Steinborn 2015)

o

' delw(su}b-seale) ﬁL s R
.}«P a8 —.7-1-‘\' * : ‘ ‘,’:ﬁ‘

Positioning:
Pinning to min. Potential
Free floating




Vlerging galaxies wit
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1 Extendmg to the Iargest 5|mulat|on
éfa- currently possmle, e.g. productlon
! ,runs on entire HPC systems -
' «, M T NN W

y




w"* o R S SRR
1) Fill significant fraction of memory W|th real

partlclelcell data mstead of overhead !

Hi& o 4 R
80 bytes per Partlcle
(MILLENNIUM XXL)

650 bytes per Partlcle

(Magneticum)
i /Y B At o
=> 107 per socket ¥
, BN (AR RN

Often still limiting factor in simulations which store full tree "8 2
 or cell structure (AMR) on every MPI task ..{**f"’; 2

2) Formulate algorithm facing I|m|tat|ons in memory
"*; ! Using buffers and checking their state major hassel for X s
}.‘ masswe node parelellsm (LOCKs ') M}w/

3) Formulate algorithm to be reproducable 2

v Conservmg order of operation is not always trivial, but make “”I‘ )2
. strongly non linear system difficult to compare (but this is S .
‘ almost a phllosophlcal questlon) ! g j‘./

L,‘-‘,___l - s n>" 10 4N Gy A Tet % "9 M h L L8 AN W.s _ Tl o ” A-_L



Tree-walk \

Cooling
Molecular Network
Stellar Evolution

Stellar Feedback
Tree-walk
Black Hole Feedback

Tree-walk
R S

Thermal Conduction

. ‘

4

Tree-walk o

y
.

\

PR Wl
Long Range Gravity

“ -

H
[
=

Domain Distribution L /
¥
Tree-Construction ¥

e |l TN

7

Il

Various physical proceses ' :#

S

o *fg* A .
1 Compute local F
r #l contributions

. 2.

Fill export list

1 - - ~..’
Compute local 21
¥l contributions [§

|

g, B -
s ler TR

4 s %

on various timescales ... ‘&



Tree-walk like, process all active particles

iR s

- u ¥ * xr -
e e | |
contributions = — J
o : » \ - 7
G o : o SN
- 4 ' . ) -

" Ca.

export list \=
full ?

Stellar Feedback
Tree-walk Compute local o 1

contributions |
Black Hole Feedback ;

Tree-walk

F &

Thermal Conduction

2 £1 .8 y A o~
Sync-Point 35762, Time: 0.354961, Redshift: 1.81721, Systemstep: 5.56636e-06, Dloga: 1.56817e-05
Occupied timebins: non-cells cells dt cumulative A D avg-time cpu-frac
bin=20 88467428683 83736416883 0.008029050471 187287803634 < * 712.64 22.0%
bin=19 4161559798 7573611723 .004014525236 15083958068 * 219.80 6.8%
bin=18 689640843 1347123564 .002007262618 3348786547 * 63.43 .9%
bin=17 114047063 493679540 .001003631309 1312022140 100.57 .4%
bin=16 424984562 98886753 .000501815654 704295537 14.78 7%
bin=15 149882337 22957206 .000250907827 180424222 24.04 .9%
bin=14 1436369 5551598 .000125453914 7584679 5.78 7%
bin=13 10827 562559 .000062726957 596712 3.46 .8%
bin=12 22095 .000031363478 23326 2.38 .4%
bin=11 .000015681739 778 2.20 .4%

KX XX XX XX XN
Ooooo0oo0ooo0oo

94008990945 93278812689 Sum: 187287803634

-— R ™ p——— e B & am— ra e - v w-w— p——

e AR WFT W - —  gm— e T - [ T L e " e




o 58, -g'p % :.-\ ‘x.;. . A -:';;:v\ \ s -f“ d B : e et et e iierel
e n N e | | ,
Simple Math: . Mo Trarsiyuamics | (Sl &
0.5sec per step, 10 Million steps: |’ ' Sl e

R [ . Molecular Network
f 5.000.000 sec :
Stellar Evolution
{ 1 day ~ 86.400 sec ‘BB
;1 Stellar Feedback
: 1 week = 604.800 sec
¢ 1 month = 2.678.400 sec 1 Ll
. = 2 month to hanide 778 out of Il "" i
{ {1 Lk TW O g T
1 7x1 011 g Long Range Gravity
‘ » ‘ ™ "‘ : Domain Distribution
f " ' “" r‘ ) | Tree-Construction :
Sync-Point 35762, Time: 0.354961, Redshlft 1 81721 Systemstep: 5.56636e-06, Dloga: 1.56817e-05 ‘j
Occupied timebins: non-cells cells dt cumulative A D avg-time cpu-frac b
X bin=20 88467428683 83736416883 0.008029050471 187287803634 < * 712.64 22.0% ™=
X bin=19 4161559798 7573611723 0.004014525236 15083958068 * 219.80 6.8%
X bin=18 689640843 1347123564 0.002007262618 3348786547 * 63.43 3.9%
X bin=17 114047063 493679540 0.001003631309 1312022140 100.57 12.4%
X bin=16 424984562 98886753 0.000501815654 704295537 14.78 3.7%
X bin=15 149882337 22957206 0.000250907827 180424222 24.04 11.9%
X bin=14 1436369 5551598 0.000125453914 7584679 5.78 5.7% .
X bin=13 10827 562559 0.000062726957 596712 3.46 6.8% 4
X bin=12 453 22095 0.000031363478 23326 2.38 9.4% :
X bin=11 10 768 0.000015681739 778 2.20 17.4% K

PM-Step. Total: 94008990945 93278812689 Sum: 187287803634
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" What can be done ?

‘4 - Avoid loops over all particles
(but: drift, additional physics, additional numerics)

>
4" - Avoid almost empty All to All
f g MPI_Alltoall(Send_count, 1, MPL_INT, Recv_count, 1, MPL_INT,
Rl MYMPI_COMM_WORLD);
ST o
@ PN for(j = 0; ] < NTask; j++)
oL Recv_count[j] = 0 -
g MPI_Win_create(Recv_count, NTask * sizeof(MPI_INT), sizeof(MPI_INT), —
MPL_INFO_NULL,MYMPI_COMM_WORLD, &win); Tk
g MPI_Win fence(o win); iy

for(j = 0; j < NTask; ++j)
|f(Send_count[|] > 0)
MPI_Put(&Send_count[j], 1, MPL_INT, j, ThisTask, 1, MPL_INT, win);
MPI_Win_fence(0, win);
MPI_Win free(&wm),

bin= 402 40 .
bin=16 424984562 98886753 .000501815654 704295537
bin=15 149882337 22957206 .000250907827 180424222

o wn
o~
Q8
S0
o I

bin=14 1436369 5551598 .000125453914 7584679
bin=13 10827 562559 .000062726957 596712
bin=12 22095 .000031363478 23326
bin=11 .000015681739 778

X XX X X XX XX

PM-Step. Total: 94008990945 93278812689 Sum: 187287803634 Al;

N




OpenMP scolmg Hornet

Conductlon

coolmg/sir
GN\ﬁ\k Domagin
| 4 & PMGroy
: \ TreeGroy
1 06 i | H\‘N&\,\ Tolal

port/sec/core/step

.‘,

For Gadget3 started 2012
% with KONWHIR IIl project,
but still ongoing effort ...

)| Lowest time-step Level

Gravity

Molecular Network

Stellar Evolution

Stellar Feedback

Thermal Conduction

¥

Long Range Gravity

Domain Distribution

Tree-Construction




OpenMP scaling Hornet el S N ‘

Conductlon‘_,' : : el "
e | P S

S il - f%%%gv Not fully OpenMP

w F | { parallelised ...

N [ o S— .

&) Y . :

0 ¢ L L

o 10° 5 5 AT

> E o —9 — —— '&/ e

5 ; y Crossmg sockets

el

, ) “‘ a7
g K

gy
' 3‘. "'V

E OpenMP
—— T 107 —g
P speedup. p
oz| feshold=40 = ]
> - openMP .
 time overhead

E

dlstrlbutions g0t

5

For Gadget3 started 2012

% with KONWHIR Il project,
but Sti II on90ing effo rt LY ] (1)0'7 10¢ 10% 10* 10° 1027 107 10° 10! 10-;00 1(‘)1 162 1(|)3 1&)4 1(|)5 10°
. - value # iterations



Scaling SuperMUC

1011 E F;L__,’” ,'T‘ T l
- Conduction 4.5% T A
i o N
1 " cooling/sir  10.2% P { T
10 0 - Domain 16.8% - \
a - PMGroy N
® [ TreeGroy 12.5% ;
s . Tolol R |
m ’ »
. 1 09 | e &
O >
Q : weak
{ [ scaling
"g 8 test
o 1 08 :_F, ,} ¥
. > "
£~ Typical setup: -
1 MPI rank per socket (e.g. 2 per node) w
7 .
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Scaling SuperMUC

101 ! E
- and Imbalance " -
| are the most challenging ... \ ]
1 010 3 ,A/'A\o—f-"‘o - =
o ; ]
2 = - o
2 i
o 10°F 3
1P, - -7
7 [ N
~ . i
a 10%F E
55 Hydrolmb 3
[ HydroF orce i
| Densimbol -
107¢ on 3
C . o . Tolet -

1000 10000 100000

but weak scaling fine ... Neores




100.00

10.00

-
T
& 1,00
—_
0.10
0.01
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— Speedup: 1,53

- Misc .
- Canductian ]
N cooling /sfr .
i Damain _
|'.'|
- Tatal -
- 63 {cwrent) ]
- ey N mmmmmmm G3 {old) |
B changed memory ]
layout for CACHE
=3 optimization (IPCC, Multiple level domain E
- Ragagnin PhD) decomposition ]
- Optimization of (Ragagnin, PhD) 5
- OpenMP loops Cosmic time> ]
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0,017 0,018 0,019 0,020

Recent test run on full SuperMUC Phase | (262144 threads) ...




What we reached ...

2688 Mpc/h

Magneticum Simulations

up to 10 Uparticles !

896 Mpc/h Magneticam Pathfinder Simulations

up to 10" Particles !

w= FURRING

— done Boxs

18 Mpc/h
Box6

352 Mpeh - f
e e e 12Mpe
B 28206035 2x 147
% :J: 2xS76*3 % 2x38*

7z=2.4
128 Mpc/h

3 he 2x 153643

9¢8, M_gas =1.4e8 [Msal/h]
M_dm = 3.6e7, M_gas =7.3e6 [MsolVh]
M_dm = 1.9¢6, M_gas =3.8e5 [Msol/h]
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Leibniz-Rechenzentrum
Computational Astrophysics Group
M ersity Observato:
S SSE L B
P =e ks
- %]
v

Box1 Box2b \

Mpec/h] l/ 2688 896 640 352 128 48 !

mr 2 x 4536° ) 2 x 15263 2 x 5943 2 x 216® 2 x 81% |
hr 2 x 2880° 2 x 15843 2 x 5763 2 x 2163
2 x 15363(z = 2) 2 x 576°

2x4536° = 186.659.085.312 particle
 Almost 20 times size of ILLUSTRIS or EAGLE

' Full Physics + improved SPH:
200 bytes per DM particle, 456 bytes per GAS particle

5522 Complete SuperMUC Phase II:

S K 6 X 512 x 2 x 28 = 172032 tasks

' "4 1 MPI task per socket, 28 OpenMP per MPI
kv 68.5 TB for single checkpointing




|

Box1 Box2b Box4
[Mpc/h] I/ 2688 896 640 352 128 48
mr 2 x 15263 — 2 x 594° 2 x 2163 2 x 813
hr - 2 x 2880% 2 x 15843 2 x 576° 2 x 2163
uhr - - - 2 x 15363 (z =2) 2 x 576%
—HE Writing & | Peak 170 Ghyte/sec
550 sec

Throughput (B

ad

@@

Reading
460 sec

152 Ghyte/sec

1 27 Gbyte/sec

.31 GB/s Last 15.45 GB/s Ave g 171.86 GBfs Ma
.15 MB/s Last 46.98 GB/s Average 166.55 GB/s I'-'I

1/0: Gadget intei'nal,
2048 tasks in parallel




MAGNETICUM
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Leibniz-Rechenzentrum

Box4
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O 1002 52.47 kW Last

Average power consumption 1n time peri

I 2688
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640

352

2 x 5943

2 x 2880° 2 x 15843

POU Power Consumptl

128
2 x 216®
2 x 5763
2 x 1536%(z =

2 x 813
2 x 2163
2) 2 x 576°

Power Consumption

54,89 kW Averag

Average pouer consumptlon in time perflod (&ll):

Smgle bad node

d (compute):

.01 kW Max
535,488 kW
590.375 kw

. ‘EV\A

checkpointing

L 1
i
|
L L
Fri 12:08 Sat QN: 0@ Sat 12860 Sun 12: 008 Mon @0: 80
79,01 kW Last 89,66 kW Average L 72 kW Max
65.03 kW Last B8.88 kW Average .39 kW Max
63,08 kW Last 88,95 kW Average .15 kW Max
69.63 kW Last B89.31 kW Average .40 kW Max 1 2 h
78,51 kW Last 89,51 kW Average .31 kW Max
67.61 kW Last B9.18 kW Average .03 kW Max << >




Physics:

; ———— = cooling+sfr+winds

F N

Gal:nyC]nste‘i-s/ 1_:,‘, F W% Springel & Hernquist 2002/2003

§ Metals cooling
» Wiersma et al. 2009

. SNIa,SNII,AGB

Tornatore et al. 2003/2006

BH+AGN feedback

Springel & D1 Matteo 2006

| Fabjan et al. 2010
Hirschmann et al. 2014 (std)
Steinborn et al. 2015 (new)

Thermal conduction

1/20th Spitzer
Dolag et al. 2004

'J’"ﬂ’.ﬂ_
Numerics:
'New Kernels: WC6

Dehnen et al. 2012
 Low visc. scheme

Open the door to study mr/hr (time dep. alpha)
Dolag et al. 2005
gal formatlon d ’ ' uhr (high order grad.)

A 4 Beck et al. 2015

very small vol / very high resolution

%
zoom onto galaxy
cluster




Gyr—O 28
z =15.304
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Improvements in
computing facilities,
code optimization and
incorporating various
important physical
processes are helping
to understand the
universe throughout as
well as the details on
how galaxies and
galaxy clusters are

forming with time.



Magneticum/Box2/hr
redshift=9.428
9=1.600 c=1.500 b=-0.000
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Applications ~

Cluster Details

Msggoe: 1.44459e+14 [Mg/h]
Tmw: 3.1461 [KeV]

Lx. 5.63708e+44 [erg/s]
fgas- B8.01542 [%]

fstar: 4.14694 [%)]

Cshift: ©.8264885

Msat/Mep: ©.2651468

y A e
Ragagnin et al, in p?ep‘i
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Dlrect dynamlcal range of 106 almost reached
Combination of optimization and growing computing power

Further increased by ,resonable“ sub-scale models
But need to be better validated and improved

Next simulations need new strategies
work distribution and massive vectorization (memory layout)

 First success across various scales
Global properties of Galaxy Clusters
AGN properties well reproduced in many respects
Diversity of CC and non CC clusters
Intra Cluster light and outskirts of Galaxies
Morphology of Galaxies
Internal dynamics of Galaxies

- Data federalization for hydro sims is challenging
Need complex infrastructure
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