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Instruments (Hardware/Software)
Dragon Simulations of Star Clusters
Black Holes / Gravitational Waves 



http://www.nvidia.com
http://www.astrogpu.org

http://gpgpu.org

General Purpose 
GPU Supercomputing (GPGPU)

NVIDIA Tesla C1060
in kolob cluster Heidelberg Univ.

http://www.nvidia.com/
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 Our Green Grid: GPU Clusters used:
    老虎 Beijing (NAOC/CAS and Silk Road Project(NAOC/CAS and Silk Road Project)

             85 Nodes, 64 Kepler K2

Max-Planck MPCDF GPU cluster (400 Kepler K20 GPUs)

Golowood cluster, Main Astron. Observatory, Kiev, Ukraine

Kepler  cluster Heidelberg, Germany (12x Kepler GPU)

                

      老虎  老虎

NAOC BeijingNAOC Beijing

Heidelberg
Germany

Kiev,
Ukraine MPCDF Garching
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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
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Kepler Scaling, it works... 

Spurzem, Berczik,
et al., 2013, 
LNCS Supercomputing, 
2013, pp. 13-25,
Springer publisher.
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Pascal Scaling, it works... 

Pascal GF1080

TITAN (Kepler)

Kepler K20m

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

 X

X = first GPU of laohu 2010



 

Nr. 1,2 Supercomputer from China: 96/33 Pflop/s Linpack
Wuxi/Guangzhou/Tianjin National Supercomputing Center
Taihu 10 mill. cores

32000 Intel Xeon 12 core, 
48000 Intel Phi Accelerators 57 Core

Test of Taihu 
planned;
But:
Local cluster with 
new
GPUs at NAOC gives
much more 
resources.
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Astrophysical Particle Simulations with Large Custom GPU Clusters 
on Three Continents

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

PRACE Award - 
2011

ISC'13 Leipzig



  

NBODY4, NBODY6, S.J.Aarseth, S. Mikkola, ... 
                          (ca. 20.000 lines, since 1963):

• Hierarchical 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, φGPU, L. Wang, R. Spurzem, P. Berczik, K. 
Nitadori,...
•                         (massively parallel codes, since 1999, recent paper
                           Wang, Spurzem, Aarseth, et al. 2015):
• NBODY6++ (Spurzem 1999) using MPI 
• Parallel φGRAPE / φGPU (Harfst et al. 2006, Spurzem et al. 2009)
•NBODY6++/GPU-MPI (Wang, Spurzem, Aarseth, et al. 2015)
• Parallel Binary Integration in Progress (KSREG) 

SoftwareSoftware



Wa
Wang, Spurzem, Aarseth, et al. 2015, 2016
→ Exaflop/s Huang, Berczik, Spurzem 2016
Typical: 8/16 GPUs → 19000/38000 cores

NBODY6++GPU

Node ...
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NBODY6++
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To Exaflop/s

With NBODY6++ left

With Bonsai down

Huang, Berczik,
Spurzem, RAA, 2015
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““Moore's” Law for Direct N-BodyMoore's” Law for Direct N-Body

Originally by D.C. Heggie
Extended by Anna Sippel

GRAPE/GPU Clusters
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Dragon Simulations of Star Clusters
Black Holes / Gravitational Waves  
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From: Quarterly Journal of the Royal Astron. Soc., 1, p. 152, 1960

                                        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.
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(Credit: X-ray: NASA/CfA/J. Grindlay et 
al., Optical: NASA/STScI/R. Gilliland et 
al.)
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Cohn (1980): Direct Fokker-Planckj model

                      Core Collapse

                      Gravothermal Catastrophe

Bettwieser & Sugimoto 1984:

Gravothermal Oscillations by

   energy generation from binaries

   (cf. nuclear stellar energy generation)

Approx. Models:  Fluid Dynamics/Fokker-PlanckApprox. Models:  Fluid Dynamics/Fokker-Planck
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3-body Encounters3-body Encounters Starlab  Starlab 
Simulation (S.L.W. McMillan)Simulation (S.L.W. McMillan)

http://www.physics.drexel.edu/~steve/http://www.physics.drexel.edu/~steve/

-> Three-Body-Problem-> Three-Body-Problem

Gravothermal Oscillations - 
Attractor in Phase Space
Spurzem 1994, Giersz & Spurzem 1994
Amaro-Seoane, Freitag & Sp. 2004

Follow-Up of Angeletti & Giannone and Larson
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Kim, Yoon,Kim, Yoon,
Lee, Spurzem,Lee, Spurzem,
2008, MNRAS2008, MNRAS

Hong, Kim,Hong, Kim,
Lee, Spurzem,Lee, Spurzem,
2013, MNRAS2013, MNRAS

Theoretical Models II: Fokker-PlanckTheoretical Models II: Fokker-Planck

Dissolution of Star Cluster in Tidal Field

Three Phases in 

Cluster Dissolution:

1) Core Collapse 

(Encounters)

2) Post-Collapse 

Steady Evaporation 

(Encount)

3) Dynamic

 final dissolution 

Axisymmetric / Spherical

rotating
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Douglas Heggie 2010., Leiden
Bottle of Whisky for Million Body Simulation

Awarded to Long Wang MODEST15s Kobe
See his talk tomorrow
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Wang, Spurzem, Aarseth, Naab et al. 
                           MNRAS, 2015
Wang, Spurzem, Aarseth Naab, et al. 
                           re-subm. MNRAS 2016

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).

DRAGON
Simulation

http://silkroad.bao.ac.cn/dragon/



天龙星团模拟：百万数量级恒星、黑洞和引力波

Dragon Star Cluster Simulations: 
Millions of Stars; black holes and 
gravitational waves



Example: DRAGON vs. Observation of NGC4372...

Kacharev et al. 14



Pang et al. 2016, RAA



ApJS 2015
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Stardisk Project – Beijing – Almaty – Kiev - Heidelberg

Just, ... Berczik, Spurzem, et a, 2012, ApJ (Paper I)
Kennedy, Meiron et al. 2016 MNRAS  (Paper II)
Panamarev, Shukirgaliev et al. 2017 in prep. (Paper III)

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

With disk

Without disk
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Dragon Simulations of Star Clusters
Black Holes / Gravitational Waves 
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Method A: use geodetic equations, harmonic gauge, directly obtain
                 eqs. of motion (Blanchet et al.) 
Method B: Hamiltonian approach using ADM gauge (Schaefer et al.)

A and B equivalent till PN2.5 (1/c**5), higher order gauge functions appear. 

Post-Newtonian DynamicsPost-Newtonian Dynamics

Perihel shift

 ... higher order...

Grav. Radiation 
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IndireIndirect Proof by Hulse and Taylor, binary pulsar (Nobel prize 1993) ct Proof by Hulse and Taylor, binary pulsar (Nobel prize 1993) 
Post-Newtonian DynamicsPost-Newtonian Dynamics



Spin-Orbit Interaction S / Spin-Spin SS

Faye, Blanchet, Buonanno 2006

Post-Newtonian DynamicsPost-Newtonian Dynamics
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Post-Newtonian DynamicsPost-Newtonian Dynamics

Brem, Amaro-Seoane,
Spurzem, 
MNRAS 2013

Include
Spin-Orbit
Spin-Spin
PN3, PN3.5
Spin Dynamics

By Patrick Brem
(Diploma Thesis
Univ. Heidelberg)

1PN
2PN + 1.5PN SO
3PN + 2.5PN SO
2.5PN + 2PN SS
3.5PN
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Rezzolla 
Final Spin
Formula

Brem,
Amaro-SeoaneS,
Spurzem,
MNRAS 2013
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Brem, Amaro-Seoane, 
Spurzem, MNRAS, 2013



Post-Post-
Newtonian Newtonian 
DynamicsDynamics

Gravitational Gravitational 
Wave Wave 

TemplatesTemplates

Handle spin-orbit and 
spin-spin coupling
 (P.Brem, R. Spurzem, 
Univ. Heidelberg) 
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Example Detections in one of the Dragon models....



 

The Observed LIGO Events – Slide from Brown's Talk at KITP (2)



 

GW Detection Frequency Time Diagram
Top: Our simulation (Sobolenko ， Veles, Wang, Berczik, Spurzem, et al. In prep.)

Down: Abott et al. 2016 LIGO measurement
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Sesana 2016

“Our”
DRAGON
Black Hole
Binary

Gong, Lau, …
Amaro-Seoane,
…Spurzem + 2015
Taiji Chinese 
Space Based
GW Detector
Proposal



Moore et al. 2015



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, 2015b, 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
        
        



INVITATION/DISCUSSION
 Building National and International Community on 
   on Astrophysical GPU Supercomputing in China and 
   Partner countries (e.g. South Africa, Pakistan, Chile...)

 Training and Teaching – come to Beijing (NAOC) for testing 
   and developing, or remote testing/running, or invite our 
   experts for talks and hardware/software cooperation
   (regular schools and training workshops
  http://kiaa.pku.edu.cn/~kouwenhoven/nbody.html
     And GPU lectures.
 Relation to 'big data' 
– common platforms 
for pathfinding/testing 
with simulations?

    

http://kiaa.pku.edu.cn/~kouwenhoven/nbody.html
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N-Body – Monte Carlo Comparison II
Wang, Askar, Giersz, Spurzem, 2016, in prep.

Binary Black Holes versus
Time (left)
Radius (right)
In DRAGON clusters
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