
11

Nbody Lecture 2023Nbody Lecture 2023

Rainer Spurzem 
Astronomisches Rechen-Inst., ZAH, Univ. of Heidelberg, Germany

National Astronomical Observatories (NAOC), Chinese Academy of Sciences 
Kavli Institute for Astronomy and Astrophysics (KIAA), Peking University

spurzem@ari.uni-heidelberg.de  https://silkroad.zah.uni-heidelberg.de

Picture: Xishuangbanna, 
Yunnan, China by R.Sp.

Univ. Heidelberg

mailto:spurzem@ari.uni-heidelberg.de


      

  Nbody Lecture 2023 (R. Spurzem)Nbody Lecture 2023 (R. Spurzem)
March 20-23, 2023March 20-23, 2023

Table of Contents (subject to adjustment/change):

1a. Monday morning: General Introduction: History, Astrophysical
      Subjects, Enforced Tour of our Main Code Nbody6++GPU
1b. Monday afternoon: Access to kepler, Compile, Run

2a. Tuesday morning: More on Physics of N-Body Simulation,
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Information Resources and to remember:

** Webpage of the lecture:
https://wwwstaff.ari.uni-heidelberg.de/spurzem/nbody-lecture2023/nbody2023.html

** Github Source of the code:
https://github.com/nbody6ppgpu

** Documentation (NBODY6 Live Manual):
https://www.overleaf.com/read/hcmxcyffjkzq

For doing runs during hands-on experiments:

In course experiment: takes ~1.5 hours – be considerate – only one run per account!

Homework: ~8 hours. Please do NOT start before end of lecture, also only ONE run!

https://wwwstaff.ari.uni-heidelberg.de/spurzem/nbody-lecture2023/nbody2023.html
https://github.com/nbody6ppgpu
https://www.overleaf.com/read/hcmxcyffjkzq


      

Participant list to be published on webpage: if ok for you please send:

Name, Affiliation (Institute/Home Place), Country

To spurzem@ari.uni-heidelberg.de  (just the info, no more lines ok)
__________________________________________________________

Those who know how to do it can do already now, please send me your 
public ssh key file (if you have a kepler account: please use it).

id_rsa.pub

You will get an account on our kepler computer
Userid: lecturenn    (nn number I will send you)

Installation of key needs some time! We will discuss it in afternoon in 
more detail. Access to kepler computer:

ssh -llecturenn kepler2.zah.uni-heidelberg.de

Nbody Lecture 2023 (R. Spurzem); March 20-23, 2023Nbody Lecture 2023 (R. Spurzem); March 20-23, 2023

mailto:spurzem@ari.uni-heidelberg.de
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HistoryHistory

GPU ComputingGPU Computing
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HistoryHistory

Erik Holmberg (1908-2000)Erik Holmberg (1908-2000)
Dissertation Univ. Lund (Schweden) (1937):Dissertation Univ. Lund (Schweden) (1937):
``A study of double and multiple galaxies´´``A study of double and multiple galaxies´´
Galaxies  often in Groups and PairsGalaxies  often in Groups and Pairs
Irregular Distribution of Satellite Galaxies Irregular Distribution of Satellite Galaxies 
                    (Holmberg-Effect)(Holmberg-Effect)

Father of numerical astrophysics?Father of numerical astrophysics?
» ...with 200 light bulbs...with 200 light bulbs
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The Astrophysical Journal, Nov. 1941The Astrophysical Journal, Nov. 1941

HistoryHistory
http://cdsads.u-strasbg.fr/abs/1941ApJ....94..385H

http://cdsads.u-strasbg.fr/abs/1941ApJ....94..385H


      

Konrad Zuse (1910-1995) BerlinKonrad Zuse (1910-1995) Berlin

Z1 in parental flat 1936

Invented freely programmable Computer

...before von Neumann...

HARDWARE



        北京亚
奥 -2011

Zuse Z4: 1944 Berlin, 1950 Zürich, 1954 Frankreich
                1959 Deutsches Museum München

Computing Speed 0.03 MHz Memory  256 byte

HistoryHistory



      

Astronomisches 
Rechen-Institut (ARI) 
at Univ. of 
Heidelberg, Germany

Siemens 2002
Computer in 1964
At ARI
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S.v. Hoerner,
Z.f.Astroph. 1960, 63

Siemens 2002
N=4,8,12,16 (4 Trx)

N=16,25 (40 Trx)

HistoryHistory

http://cdsads.u-strasbg.fr/abs/1963ZA.....57...47V

http://cdsads.u-strasbg.fr/abs/1960ZA.....50..184V

http://cdsads.u-strasbg.fr/abs/1963ZA.....57...47V
http://cdsads.u-strasbg.fr/abs/1960ZA.....50..184V


        北京亚
奥 -2011

Seymour Cray (1925-1996)Seymour Cray (1925-1996)
““father of supercomputing”father of supercomputing”

https://en.wikipedia.org/wiki/Women_in_computinghttps://en.wikipedia.org/wiki/Women_in_computing

CRAY1: Vectorregisters (1976)
160 Mflop, 80 MHz, 8 MByte RAM
CRAY2: (1984)
1Gflop, 120MHz, 2GByte RAM

HistoryHistory

https://en.wikipedia.org/wiki/Women_in_computing


Supercomputer
JUGENE
IBM Blue Gene
At FZ Jülich,
Germany

Opening Ceremony June 2008

HistoryHistory



      

Computational Science...
...after von Neumann...

Problems:
Power Consumption
Efficiency for  Real Applications

Exaflop/s?

Petaflop/s

Teraflop/s

Gigaflop/s
Thanks to Horst Simon, LBNL/NERSC for this diagram.



      

Last but not least:Last but not least:
Nbody-X HistoryNbody-X History

After Holmberg and von Hoerner:
Sverre Aarseth, Roland Wielen, Seppo Mikkola

Jarrod Hurley, Steve McMillan, Jun Makino

Later see: Keigo Nitadori, Long Wang, Peter Berczik…
and more: Sambaran Banerjee, Albrecht Kamlah, 
Manuel Arca Sedda, ...



Astrophysical Particle Astrophysical Particle 
Simulations (N-Body)Simulations (N-Body)

 Cosmological Structure FormationCosmological Structure Formation
several billions of particles, approximate potential, short several billions of particles, approximate potential, short 

time (in terms of number of orbits, orbit one Gyr)time (in terms of number of orbits, orbit one Gyr)

 GalaxiesGalaxies
101088 – 10 – 1099 particles, approximate potential, thousands of  particles, approximate potential, thousands of 

orbits, orbit 10orbits, orbit 1088 yrs) yrs)

 Star Clusters and Galactic NucleiStar Clusters and Galactic Nuclei
101066-10-1088 particles, particle-particle potential, 10 particles, particle-particle potential, 1044-10-1055 orbits,  orbits, 

orbit 10orbit 1066 – 10 – 1055 yrs), Direct N-Body yrs), Direct N-Body
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CosmologyCosmology

Computer Physics - AstrophysicsComputer Physics - Astrophysics
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Structure Formation in the UniverseStructure Formation in the Universe

In the year 100.000....

  ...and ``today´´
(Cosmic Microwave Background)

Wilkinson Microwave  Anisotropy Probe (WMAP)Wilkinson Microwave  Anisotropy Probe (WMAP)

Computer Physics – AstrophysicsComputer Physics – Astrophysics



        北京亚
奥 -2011
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Serves as example here; 
for current project see
https://www.tng-project.org/

https://www.tng-project.org/
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GalaxiesGalaxies

Computer Physics - AstrophysicsComputer Physics - Astrophysics



        北京亚
奥 -2011
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Star ClustersStar Clusters

Computer Physics - AstrophysicsComputer Physics - Astrophysics



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.

http://cdsads.u-strasbg.fr/abs/1960QJRAS...1..152A

http://cdsads.u-strasbg.fr/abs/1960QJRAS...1..152A
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        北京亚
奥 -2011
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        北京亚
奥 -2011

(Credit: X-ray: NASA/CfA/J. Grindlay et al., 
Optical: NASA/STScI/R. Gilliland et al.)

X-ray binaries with 
Neutron stars 
and black holes 



August 22, 2002 2828



 

Original Slide by 
Taras Panamarev

Galactic Center

Panamarev, Just, Spurzem, et al. 2019, MNRAS, Direct N-Body Simulation of
The Galactic Center: https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.3279P/abstract



Wang, Spurzem, Aarseth, Naab et al. 
                           MNRAS, 2015
Wang, Spurzem, Aarseth Naab, et al. 
                           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.zah.uni-heidelberg.de/dragon/

Number of Floating Point Operations (~1M bodies) similar to largest
Cosmological simulations (Millennium, Illustris, ~100M bodies)



Taken from Jarrod Hurley Ph.D. thesis Cambridge 2001,
See also nice application example M67 Hurley, Tout, Aarseth, Pols 2005

Jarrod Hurley's Single Stellar Evolution (SSE) Sketch



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
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Black Holes in Black Holes in 
Star ClustersStar Clusters

Computer Physics - AstrophysicsComputer Physics - Astrophysics
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http://www.ligo-la.caltech.edu/
http://www.ego-gw.it
https://www.geo600.org/
https://gwcenter.icrr.u-tokyo.ac.jp/en/

Outreach to giga-light years
(Black Holes)

Ground based Gravitational Wave Detectors   https://www.ligo.org/
LIGO – Virgo – KAGRA collaboration

Detectors / L-shaped
laser interferometers

Name/Location/Arm Length

Virgo – near Pisa: 3km
LIGO – Livingston, LA: 4 km
             Hanford, WA: 4 km
KAGRA – Japan: 3 km              
                (fully underground)

GEO600 – Hannover 600 m
 (Technology Development)

http://www.ligo-la.caltech.edu/
http://www.ego-gw.it/
https://www.geo600.org/
https://gwcenter.icrr.u-tokyo.ac.jp/en/
https://www.ligo.org/
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Example: VIRGO Detector in Cascina near Pisa, Italy



 

The Observed Black Hole Mergers
 (LIGO/Virgo Events)



Black Hole Mergers in our 
N-Body Simulations of a Dense Star Cluster

Rizzuto, Naab, Spurzem, et al. 2021, MNRAS
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.5257R/abstract

https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.5257R/abstract
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Direct N-Body CodeDirect N-Body Code
NBODY6++GPUNBODY6++GPU

Computer Physics - AstrophysicsComputer Physics - Astrophysics



  Direct N-Body SimulationsDirect N-Body Simulations

The Hermite Scheme: 4th Order on two time pointsThe Hermite Scheme: 4th Order on two time points

Repeat Step 1 at t=tRepeat Step 1 at t=t11using predicted x,v using predicted x,v → a→ a1, 1, åå11
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The Hermite StepThe Hermite Step
Get Higher DerivativesGet Higher Derivatives

The Corrector Step – this is not time symmetric!The Corrector Step – this is not time symmetric!

  Direct N-Body SimulationsDirect N-Body Simulations



Hierarchical Individual Block Time Steps

4thth order Hermite scheme

d2 r⃗ i

dt2
= a⃗ i

Harfst, Berczik, Merritt, Spurzem et al, NewA, 12, 357 (2007)
Spurzem et al., Comp. Science Res. & Dev. 23, 231 (2009)

  Direct N-Body SimulationsDirect N-Body Simulations
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Ahmad-CohenAhmad-Cohen
Neighbour SchemeNeighbour Scheme

(Double Volume for(Double Volume for
Incoming Particles)Incoming Particles)

Special Care for fastSpecial Care for fast
ParticlesParticles

New DevelopmentsNew Developments
in progress!in progress!

  Direct N-Body SimulationsDirect N-Body Simulations



August 22, 2002  43

(Makino 1991)(Makino 1991)

  Direct N-Body SimulationsDirect N-Body Simulations
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Quaternions....

So we need (among others):
•2-body Regularization (Kustaanheimo & Stiefel 1965)
•3-body Regularization (Aarseth & Zare 1974)
•Hierarchical Subsystems (Chain, Aarseth & Mikkola)
•Our GPU implementation: Keigo (Nitadori & Aarseth 2012)

  Direct N-Body SimulationsDirect N-Body Simulations

18 September 2015: some participants at 
the N-body workshop in Lund

From the left: Seungkyung Oh, Anna 
Sippel, Mark Gieles, Taras Panamarev, 
Keigo Nitadori, Long Wang, Sverre 
Aarseth

Keigo: RIKEN Inst. Japan (→ Fugaku) 
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From:
Spurzem,
Kamlah,
LRCA 
To appear soon.
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Resonant 3-Body Resonant 3-Body 
      EncounterEncounter

Starlab Simulation byStarlab Simulation by
S.L.W. McMillanS.L.W. McMillan

http://www.physics.drexel.edu/~steve/http://www.physics.drexel.edu/~steve/
-> Three-Body-Problem-> Three-Body-Problem

  Direct N-Body SimulationsDirect N-Body Simulations

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


CAS 2016 武汉 4747

““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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