Mational Astronomical Observatories, CAS -—-
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Uni Heidelberg

Rainer Spurzem with Silk Road Team
National Astronomical Observatories (NAOC),
Key Lab Computational Astrophysics, Chinese Academy of Sciences
Astronomisches Rechen-Inst., ZAH, Univ. of Heidelberg, Germany
Kavli Institute for Astronomy and Astrophysics (KIAA), Peking University

Here main collaborators:
Long Wang (now Japan-former KIAA/PKU)
M.B.N. Kouwenhoven (now Suzhou XJTLU-former KIAA/PKU)

Sverre Aarseth (Inst. Of Astron. U Cambridge, UK)
T. Naab, R. Schadow (MPA Garching),
M. Giersz, A. Askar (CAMK Warsaw)
P. Berczik (MAO Kiev)
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e e e National Astronomical Observatories, CAS ---

Our Main Research Projects are.

« Binary Supermassive Black Holes and Gravitational Waves in Quiet and Active Galactic Nuclei
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« Diynamical Evolubion of Stars and Gas m Galactic Muclel and Dense Star Clusters

RECRUITMENT

PROGRAM OF GLOBAL EXPERTS

« How are planetary systems forming and evolving (in star clusters)?
« How can we design supercomputers which are faster and consume less energy? Support and

Collaboration
ICCS

by CNIC @ NAOC
i (Chenzhou CUI
A and team)
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the SILK ROAD PROJECT at NROC/KIRR
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National Astronomical Observatory of Chinese Academy of Sciences, Beijing Cl
Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing, Chir
Fesenkov Astrophysical Institute, Space Institute, Aimaty, Kazakhstan

Institute of Space Technology, Islamabad, Pakistan (NEW)

Main Astronomical Observatory of Ukrainian Academy of Sciences, Kiev, Ukrair
Astronomisches Rechen-Institut,Zentrum f. Astronomie (ZAH) and

Computer Engineering and Architecture (ZITI), Univ. Of Heidelberg, Germany
Max-Planck Institute for Astrophysics (MPA), Garching/Munich, Germany


http://www.chinatourselect.com/

® |[nstruments (Hardware/Software)
®Dragon Simulations of Star Clusters
®Black Holes / Gravitational Waves
®| ink to Cosmology




GPU Computing General Purpose
GPU Supercomputing (GPGPU)

http://www.astrogpu.orq

http://gpgpu.orqg

NVIDIA Tesla C1060
~inkolob cluster Heldelberg univ.

Express 2.0

-'w‘, oo cro TV PE PR i

GPU

1 Number of processor cores: 240

2 Processor core clock: 1.296 GHz

3 Voltage: 11875V

1 Package size: 45.0 mm X 45.0 mm 2236-pin flip-chip ball grid areay (FCBGA)
Board

3 Fourteen I:lyet P]iuted circwt board (PCB)

3 PCI Express 2.0 x16 system interface

1 Physical dimensions: 4.376 inches % 10,50 wnches, dual slot
2 Board power dissspaton: 187.8 W

External Connectors
1 None

Internal Connectors and Headers

3 One 6-pin PCT Express power connector

3 One 8-pin PCI Express power connector

1 4-pin fan connector


http://www.nvidia.com/

Exaflop/s?

Petaflop/s

Teraflop/s

Gigaflop/s

Computationa) 5

...after von Neumann...

= BM SP
Fujitsu ' :
TMC  Numerical Intel "‘ssﬁém“" Earth IBM
CM-5  Wind Tunnel ASCIRed Simulator Blue Gene/L
5 KW 100 kW 850 kw 12,000 kW ~4,000 kW
weaiops || | | o
-
-
10° Gflops | -
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g
E 102 Gflops
=
o

Problems: |
Power Consumption
Efficiency for Real Application

-
102 Gflops ’

10 Gflaps

1 Gflop

1993

1995 1997 1999 2001 2003 2005 2007 2009

S

Figure 1. Rising power requirements. Peak power consumption of the top supercomputers has steadily increased over the past

15 years. Thanks to Horst Simon, LBNL/NERSC for this diagram.
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NAOC laohu cluster 64 Kepler K20

Request:
New and/or upgrade
of laohu

Laohu: 2009/2013
(Kepler GPU)
100 Tflop/s 150k cores

Need for GW research:
~100 Pascal GPU
1.5 Pflop/s 300k cores

Compare:
AEI Hannover B. Allen

MPG Garching Hydra




—— National Astronomical Observatories, CAS -—--
Our Green Grid: GPU Clusters used
Z & Beijing
85 Nodes, 64 Kepler K2
Max-Planck MPCDF GPU cluster (400 Kepler K20 GPUs)
Golowood cluster, Main Astron. Observatory, Kiev, Ukralne
Kepler cluster Heidelberg, Germany (12x Kepler GPU)
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Nr. 1,2 Supercomputer from China: 96/33 Pflop/s Linpac
Wuxi/Guangzhou/Tianjin National Supercomputing Cen
Taihu 10 mill. cores

Test of Taihu
planned;
But:

Local cluster with
hew

GPUs at NAOC gives
much more

32000 Intel Xeon 12 core,
48000 Intel Accelerators 57 Core




Intel MIC Hardware
INSPUR, NAOC - 2013.X1.26
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PpGPU Hermite results
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Kepler Scaling, it works...

phi-GPU; Flummer, G=M=1, E_{tot}=-1/4, {/symbol e}=104-4}, Hermite &

- Spurzem, Berczik,
et al., 2013,
LNCS Supercomput
2013, pp. 13-25,
. Springer publisher.

C1060 e
2050  miff
K20m i

3z 64 128 258
Farticle number: N [K]

Fig. 4. Here we report a preliminary result from a benchmark test of our code on
one Kepler K20 card; we compare with the performance on Fermi C2050 (used in the
Mole-8.5 cluster), and the oldest Tesla C1060 GPU (used in the lachu cluster of 2009)
- the latter is used as a normalization reference. We plot the speed ratio of our usual
benchmarking simulation used in the previous figures, as a function of particle number.
From this we see the sustained performance of a Kepler K20 would be about 1.4 - 1.5

THop/=.




PRACE Award -
2011

Astrophysical Particle Simulations with Large Custom GPU Clusters
on Three Continents

Rainer Spurzem, et al, Chinese Academy of Sciences & University of Heidelberg

Julian Martin Kunkel
Thomas Ludwig

LARG E -SCA LE Hans Werner Meuer (Eds.)
COMPUTING

TECHNIQUES
FOR COMPLEX SYSTEM
SIMULATIONS

WERNER DUBITZKY » KRZYSZTOF KURDIWSK] =

ISC'13 Leipzig
Supercomputmg

28th| i g Conf , ISC2013

LNCS 7905

BERNHARD SCHOTT Leipzig, Germany, June 2013

Proceedings

@ Springer

\\ #ﬂﬂf?ﬁﬁﬁﬁiﬁ

NATIONAL ASTRONOMICAL OBSERVATORIES ,CHINESE ACADEMY OF SCIENCES

) Jeg 1Y

PEKING UNIVERSITY




Software

DY6, S.J.Aarseth, S. Mikkola, ...
ca. 20.000 lines, since 1963):

ical Individual Time Steps (HITS)
* Ahmad-Cohen Neighbour Scheme (ACS)
* Kustaanheimo-Stiefel and Chain-Regular. (KSREG)
for bound subsystems of N<6 (Quaternions!)
* 4th order Hermite scheme (pred/corr), Bulirsch-Stoer (for Chain)
* Stellar Evolution (single/binary) (w Hurley)

*NBODY6++GPU, oGPU, L. Wang, R. Spurzem, P. Berczik, K.

Nitadotri,...

. (massively parallel codes, since 1999, recent paper
Wang, Spurzem, Aarseth, et al. 2015):

* NBODY6++ (Spurzem 1999) using MPI

* Parallel @GRAPE | @GPU (Harfst et al. 2006, Spurzem et al. 2009)

‘'NBODY6++/GPU-MPI (Wang, Spurzem, Aarseth, et al. 2015)

* Parallel Binary Integration in Progress (KSREG)




Our CPU/GPU N-body (AC) code

NBODY6++G Wang, Spurzem, Aarseth, et al. 2015, 2016
- Exaflop/s Huang, Berczik, Spurzem 2016

Typical: 8/16 GPUs — 19000/38000 cores
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https://github.com/lwang-astro/betanbépp




# Particles

108

102

101!

“Moore's” Law for Direct N-Bod

Wang ot al. (2016) @

Heggio (2014

Sippel & Hurley (2043) @
Shara & Hurley (2006); Hurley & Shara (2012} @

Baumgardt & Makino (2003) @

GRAPEIGPU Clusters

]
:_. Makino et al. {1993)
@ Spurzem & Aarseth [(10406)
@ Aarsoth & Heggio (1993)
Aarsoth & Binney [(1978) g Aarseth ot al. (1979)

@ Hepggie & Aarseth (15032)

Aonoogi et al. (2011)

fakino (1996)

Dokel & Aarseth (1084 @

Gott et al. (1979 @ @ Terlovich (198T)
@ Aarsoth (1972)

Aarseth (1969) @ @ Aarsoth (1674)

Aarsoth (1963 @ @ Wiclon (10688)
O Holmberg (1941)

® von Hoerner (1083)
® von Hoerner [ 1960)

0 1990 2000 2010 2020

1940 1950 1960 1970 198
Year

Originally by D.C. Heggie
Extended by Anna Sippel
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Globular Cluster
47 Tucanae

Grourid s AAT

NASA and R. Gilliland (STScl)
STScl-PRC00-33
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Hubble Space Telescope ® WFPC2
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From: Quarterly Journal of the Royal Astron. Soc., 1, p. 152, 1960

On the Evolution of Stellar Systems

V. A. Ambartsumian

(George Darwin Lecture, delivered on 1960 May 13)

N THIS lecture we shall consider some aspects of the problem of
the evolution of stellar systems. We shall concentrate chiefly on
galaxies. However, at the same time we shall treat here some questions
connected with star clusters as component members of galaxies.

Concepts discussed:
Total Energy of grav. star clusters NOT additive

No thermodynamical equilibrium

Statistical Theory of Gases to be used with care

(large mean free path)

Locally truncated Maxwellian distribution.
MODEST-16




Globular Clusters - Tracers of Galaxy Formation

(e.g. Brodie & Strader 2006 ARAA)

...also... [ s .
- 5 S :‘ SRV
Laboratories for 051§ . WO
Stellar Dynamics - @;ﬁ vot " ]
[ 5 l
_ c O
...for single and E-lr =
binary stellar ! ,
evolution... i . .
..multiple ~15 | ] ® » %4 :':-i:g"." =
Populations... [ o ﬁoi.fg R
L o} a op %’E:- ° Il
Neutron stars o | & = 2g° '_
(FAST!) and [ i i e v T Toew e o wd g ]
black hOIeS -12 -14 ~16 —18 —-20 —-22

(LIGOIVIRGO) :

Figure 2: Peak GC metallicity vs. galaxy Inminosity (Mp) for metal-poor and
metal-rich GCs in a range of palaxies. The points are from Strader ef al. (2004a)
and Strader et al. (2006) and have been converted from V' — I and g — 2 to [Fe/H]
using the relations of Barmby et al. (2000) and Peng et al. (2006). respectively.
Galaxy types are indicated in the figure key; classifications are in Table 1. Linear
rolations exist for both =ubooolations down to the limit of ssailable dats



DRAGON
Simulation |

One million stars direct simulation,

biggest and most realistic direct N-Body.
simulation of globular star clusters.
With stellar mass function, single and
binary stellar evolution, regularization of
close encounters, tidal field (NBODY6+
+GPU).
(NAOC/Silk Road/MPA collaboration).
Wang, Spurzem, Aarseth, Naab et al.
MNRAS, 2015
Wang, Spurzem, Aarseth Naab, et al.
re-subm. MNRAS 2016
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Dra gon Star Cluster Simulations:
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Key Question 1. When will we see

C PU / G PU N _body6 - the first star-by-star N-body model of a

globular cluster?

* Honest N-body simulation

« Reasonable mass at 12 Gyr (~5x10°M )

« Reasonable tide (circular galactic orbit will do)
« Reasonable IMF (e.g. Kroupa)

* Reasonable binary fraction (a few percent)

« Any initial model you like (Plummer will do)
* A submined paper {astro-ph will do)

An inducement: a bottle of single malt Scotch whisky worth €50




MPA Garching
Highlight March 2016

328833/h1201603

i HiGHLIGHT: MarcH 2016

The DRAGON globular cluster simulations: a million stars, black
holes and gravitational waves

March 0L, 2016

An international team of experts from Europe and China has performed the first
simulations of globular clusters with a million stars on the high-performance GPU
cluster of the Max Planck Computing and Data Facility. These — up to now - largest
anid most realistic simulations can not only reproduce observed properties of stars in
globular clusters at unprecedented detail but also shed light into the dark world of
black holes. The computer models produce high quality synthetic data comparable
to Hubble Space Telescope observations. They also predict nuclear clusters of single
and binary black holes. The recently detected gravitational wave signal might have
originated from a binary black hole merger in the center of a globular cluster.

Globular clusters are truly enigmatic ohjects
They consist of hundreds of thousands
luminous stars and their remnants, which are
confined to a few tens of pars {up to 100
lightyears) — they are the densest and oldest
gravit s in the
Universe. Their central star densities can reach
a million times the stellar density near our Sun.
About 150 globular clusters orbit the Milky
Whay but more massive galaxies can have over
10,000 gravitationally bound globular clusters.
As their stars have mostly formed at the same
time but with different masses, globular
clusters are ideal laboratories for studles of
stellar dynamics and stellar e

RGE image of a simulared globular cluster The dynamical evolution of globular clusters,

however, is very complex, Linlike in galaxies,

LA the stellar densities are so high that star
---------------------------------------------------------------------------------- interact in close grawitational encounters or
might even physically collide with each other
Because of these interactions there are more tightly bound hinary stars than for normal
galactic field stars. Maoreover, in-a process called mass-segregation more massive stars sink

to the center of the system
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The DRAGON globular cluster simulations: a million stars,
P placle holes and gravitational waves

By shuyan on. Mon  2016-06.-27 00 55
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1 Wang, Long; Spurzem, Rainer;
Aarseth, Sverre; Nitadori, Keigo;
Berczik, Peter; Kouwwenhoven, M. B. N;
Naah, Thorsten

NEQDYE++GPU: ready for the gravitstionsl
million-body problemn

2015, MNRAS, 450, 4070
[® source

Kavli Roundtable
expected Dec 2016

Jeg )2

PEKING UNIVERSITY

2. Wang, Long; Spurzem, Rainer;
Aarseth,; Sverre; Giersz, Mirek;
Askar, Abbas; Berczik, Peter;

Nazh, Thorsten; M. B. N.
Kouwenhoven, Riko Schadow

The OFAGON simulations: glabular cluster
evalution with a millian stars
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Post-Newtonian Dynamics

Method A: use geodetic equations, harmonic gauge dlrectly obtaln
eqs. of motion (Blanchet et al.)
Method B: Hamiltonian approach using ADM gauge (Schaefer et aI )

A and B equivalent till PN2.5 (1Ic**5), higher order gauge'functl_o_ns appear.

dut i.':-m
el e

{1—4au+5e]+fﬂ(£). (181)
i

and find [13] that the coefficients 4 and B are

A = l—q‘ {— HIF:;” =+ 1.': - ,:h_.r.g'2 == {.:J” [4 - EUJ} PerihEI Shift
=™ s (i
gk . ~h o -
_il{ ]-HHI Z _IHH 2 - i :HL -+ f][ ;I.l | + i,!.rg =z _],;ul'Jpl ans hlgher Order...
G i o

(o . . 13- o (= m= BT
+ (—zr‘* — 957w — 2700 — 4 E.rﬁ-‘*) n (n 1, ) }
r 2 2 4
4L_ {_ Yree® Gm B Hilll"r'r"rr lf]-'EIEH2 } Grav. Radiation
o D 3 o B

CAS 2016 H;X


http://kiaa.pku.edu.cn/
http://www.mpa-garching.mpg.de/

Post-Newtonian Dynamics
Indirect Proof by Hulse and layler, binany/ pulsar (Nebel prize 1998)

Comparison between observations of the binary pulsar ‘
B} il PS5R1913+16, and the prediction of general relativity based on |
One more whisky loss of orbital energy via gravitational waves

HEy.lﬂﬂﬂﬂk-lEE'E andhﬂwm&ﬂﬁthe _|||||||||||||||||||||||||||_
gravitational waves

our binary pulsar !l AT e

General Relativity prediction/

Cumulotive shift of periastran time ()
i B 2 O o 1 O o I e B /0 I O Mk

“for the discovary of a new lype
ufpufsar a8 dﬂ'smvﬂfyrhaf has _| | LLdd | I | I | | [ | I |

: AR 1975 1980 1985 1990 1995 2000
opened up new passibilities for Year

the study of gravitation”™

From J.H. Taylor and J. M. Weisberg, unpublished (2000)

CAS 2016 H;X
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Example Detections in one of the Dragon models....

Table header:
Status T[Gyr] Namel Name2 M1[M_sun] M2[M_sun] a[AU] ecc TmGyr] Tme[Gyr]

R7-IMF93 model

2 mergers in GC, 4 escapers:

1. There are two mergers in GCs [P] (merging time scale is very short)

2. There are two escaped mergers [E]: ['L' means the parameter before ejection)

L 13261 100246 37 25.7717 27.5506 1.088842 0.96292 1.19077 2.239183
L 1.24649 100217 100291 269635 242528 2375981 0987629 0655226 1286116
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Figure 9. Detection rates by cluster type. Each panel gives the expected detection rate if the entire cluster population in the Universe was composed of identical
clusters, each with the corresponding initial conditions. The x-axis gives the look-back time to Tgog, 1n Gyr. The solid line with crosses is for Dy, g = 9.1 Mpc,
the dotted line with triangles is for Dy, o = 191.0Mpc and the dashed line with squares is for Dy, g = 1910.0Mpc. Black lines give the detection rates if the
binaries have the eccentricities produced by the Monte Carlo code, while the red lines give the rate if the binaries have eccentricities drawn from a thermal
distribution.



Galaxies merge, hierarchical
Structure formation, their
centres? Black Holes?

® \/olonteri

Millennium Run- |
10.077.696.000"particles |
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40 Myr after galaxy merger

Simulations with

stars and dark matter,
Khan et al. 2012
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5000 . . . . . Full Model from Merger
PN
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Figure 4. Relative separation between the two SMBHs as a function of time.
The red arrow shows the estimated valve of the influence radius ry.

(A color version of this figure is avallable in the online journal, )



Characteristic Strain
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Figure A1. A plot of characteristic strain against frequency for a variety of detectors
and sources.



Chinese Space Mission New Case Study
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Armlength Telescope Laser l-way position  Acceleration

(m) diameter (m) power(W) noise ( LTI—I;Z) m IS{_;)

3 x 10¢ 0.45-0.6 2 5-8 3 x 10~15(> 0.1mHz)
5 x 10% (ALIA) 1.0 30 0.1 3 x 10~ 16(> 1mHz)

5 x 10° (LISA) 0.4 2 18 3 x 10~15(> 0.1mHz)

1 x 109 (eLISA) 0.2 2 11 3 x 10~13(> 0.1mHz)
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FIG. 1: The multi-band GW astronomy concept. The violet lines are the total sensitivity curves (assuming two Michelson) of
three eLISA configurations; from top to bottom N2AT1, N2A2, N2AS (from [11]). The orange lines are the current (dashed) and
design (zolid) alL1GO sensitivity curves. The lines in different blue Havours represent charactenstic amplitude tracks of BHB
sources for a realization of the flaf population model (see main text) seen with S/N> 1 1n the N2A2 configuration (highhghted
as the thick eLISA middle curve), integrated assuming a five vear mission lifetime. The light turquoise lines clustering arcund
0.01Hz are sources seen in eLISA with S/N< 5 (for clarity, we down-sampled them by a factor of 20 and we removed sources
extending to the alllGO band); the light and dark blue curves crossing to the alLIGO band are sources with /N> 5 and
S/Nz 8 respectively in e¢LISA; the dark blue marks in the upper left corner are other sources with S/N> 8 in ¢LISA but
not erossing to the aLIGO band within the mission lifetime. For comparison, the characteristic amplitnde track completed by
GW150914 is shown as a black solid line, and the chart at the top of the fisure indicates the frequency progression of this
particular source m the last 10 years before conleseence. The shaded area at the bottom left marks the expected confusion
now=e level produced by the same population model (median, 68% and 95% mtervals are shown). The wavelorms shown are
second order post-Newtoman inspirals phenomenclogically adjusted with a Lorentzian function to describe the nngdown.
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Just, ...

Berczik, Spurzem, et a, 2012, ApJ (Paper I)

Kennedy, Meiron et al. 2016 MNRAS (Paper Il)
Shukirgaliev, Panamarey, et al. 2017 in p_rep..--(-P'aper III)

The presence of a gaseous accretion disk near an SMBH enhances the mass
growth rate of SMBH and forms a compact stellar disk.

H,=h(R),

T =1.0T,, each plot 1 snapshot

N=16k ——
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Summary

*Astrophysical High Precision N-Body - Star Clusters
DRAGON simulations of low-density star cluster
Need more Dragon simulations to study physics of
rotation, binaries, high density, nuclear star clusters
(Wang et al. 2015a, ApJ, 2015hb, Cai et al. 2015, ApJS, Pang et al. 2015
RAA, Huang et al. 2015, RAA)
Black Holes in Galactic Nuclei — see
(Zhong et al. 2014, 2015, ApJ. Li et al. 2012 ApJ, 2015 subm. ApJ
Khan et al. 2012, 2014 ApJ, Sobolenko et al. 2015, Berczik et al. 2016)

"Further Astrophysical Science Drivers:

Extragalactic and Massive Star Clusters

IMBH Formation? Multiple Generations?
Gravitational Waves in Pulsar Timing/eLISA/LIGO
Radio Pulsars

Accretion to central black holes

) YOAZRRER 24
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