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● Start and GrowthStart and Growth
● Code(s) and ScienceCode(s) and Science
● The futureThe future





Aarseth, Henon, Wielen, 1974, A&A:  
A comparison of numerical methods for the study of star cluster dynamics 

N-body Codes:

Wielen
Aarseth

Monte Carlo:
Hénon

Fluid Model:
Larson



Cohn (1980): Direct Fokker-Planck model
                      Core Collapse
                      Gravothermal Catastrophe

Bettwieser & Sugimoto 1984:
Gravothermal Oscillations by
energy generation from binaries
(cf. nuclear stellar energy generation)
New fluid (gaseous) model

Approx. Models I:  Gas SphereApprox. Models I:  Gas Sphere



Some Innovations 80’s to 90’s

NBODY5 → NBODY6

● Individual → Hierarchical Block 
Time Steps
(McMillan 1986)

● Divided Differences → Hermite 
Scheme
(Makino & Aarseth 1992)

Vector / Parallel Computers
GRAPE



  

Hierarchical Block Time StepsHierarchical Block Time Steps

S.J.Aarseth, S. Mikkola 
(ca. 20.000 lines):
•Hierarchical Block Time Steps
•Ahmad-Cohen Scheme
•Regularisations
•4th order Hermite scheme

•NBODY6 (Aarseth 1999)
•NBODY6++ (Spurzem 1999) MPI
•NBODY6++GPU (Wang, Spurzem, 
Aarseth et al. 2015, Kamlah & 
Spurzem 2023)

Some Innovations 80’s to 90’s



Jun Makino 
with GRAPE6 → 
(2002)

Nature 1990



““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



90’s at Institute of Astronomy, 
Cambridge, UK

Left: Emanuel Vilkoviski,
Pavel Kroupa, Sverre Aarseth, R.Sp.

Below:
Chris Tout, E. Vilkoviski,
Sverre Aarseth



Star2000 Conference Heidelberg
ARI 300 year anniversary

Dynamics of Star Clusters and the Milky Way, 
ASP Conference Series, Vol. 228. Edited by S. 
Deiters, B. Fuchs, R. Spurzem, A. Just, and R. 
Wielen. 2001.



CAS 2016 武汉



CAS 2016 武汉



CAS 2016 武汉
Later used: Siemens 2002 at ARI in Heidelberg...



Binary Parallelization in Norway 2001 – not yet successful



Binary Parallelization 
in Norway 2001 – not 
yet successful



MODEST-3, Monash/Melbourne, 2003



Travelling for …Travelling for …

Peace TreatyPeace Treaty

Hoher List, GermanyHoher List, Germany

20052005



Peace Treaty

Hoher List, Germany

2005

Top:
Simon Portegies Zwart
Sverre Aarseth

Right:
Holger Baumgardt, Sverre Aarseth,
Pavel Kroupa, Rainer Spurzem



Top:
Andrea Borch
Gopakumar Achamveedu
Sverre Aarseth

Right:
Gopu, Sverre, Peter Berczik,
Jose Fiestas



MODEST 8a 
Heidelberg 2008

Sambaran Banerjee, Ann-Marie Madigan, Sverre Aarseth, Alexei Minz, Oliver Porth, R.SpurzemSambaran Banerjee, Ann-Marie Madigan, Sverre Aarseth, Alexei Minz, Oliver Porth, R.Spurzem
Avetis Sadoyan, Matthew BenacquistaAvetis Sadoyan, Matthew Benacquista



Further Development of
Chain Regularization 

IAU Symp. No. 246
Capri, Italy, 2007 

Top: 
Sverre Aarseth,
Seppo Mikkola

Right:
Sverre Aarseth
Pavel Kroupa
Paulina Assmann



Pfalz Region near Heidelberg
2008



For the Silk Road Project: MODEST-13, 2013
Almaty, Kazakhstan - Mountaineering



ARI Heidelberg, 2013
R.Sp., Mukhagaly Kalambay, 
Sverre Aarseth, Roland Wielen



Heidelberg 2018 with
Thijs M.B.N. Kouwenhoven



Heidelberg 2018
Work Life Balance 
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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, ...
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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) 



NBODY1 – NBODY7: “The Further Growth of the Industry”
Spurzem & Kamlah, 2023, Liv. Rev. Comp. Astrophysics
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From:
Spurzem,
Kamlah,
Living
Review
Computational
Astrophysics
Vol. 9, pp. 3-109
2023



 

Parameterized stellar evolution tracks 
(IFMR for neutron stars and white dwarfs)

(SSE++/BSE++ from Kamlah et al. 2022 and Spurzem & Kamlah, Living Reviews 
Comp. Astroph. 2023)

ECSN = electron capture
              Supernova
AIC = accretion induced
          collapse
MIC = merger induced
          Collapse

PISN = pair instability
            Supernova
PPISN = pulsating PISN

NS = neutron star
BH = black hole

MESA = recent stellar
         evolution model



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).

https://astro-silkroad.eu/

Dragon Star Cluster Simulations: Millions of Stars; black 
holes and gravitational waves天龙星团模拟：百万数量级恒星、黑洞和引力波



 

Long Wang, Ph.D. Peking University 2016: 
Million-Body Award by MODEST community
And IAU Ph.D. prize

Long Wang gets award for first globular cluster simulation with Nbody6++GPU
(2016 PhD student of R. Spurzem; now professor at Zhongshan Univ., Zhuhai)



DRAGON I Galactic Center Simulations

Initial Data:
1 million stars
10% fixed SMBH mass
Zero age pop, 0.8 – 100
Spherical

Density Profiles of stars and 
*-mass Black Holes in the 
Galactic Center after 5 Gyr

Extremely simple 
“accretion radius”
For ALL objects.

Panamarev, Just, Spurzem, et al. 2019
Panamarev, …, Just, Spurzem, 2018, MNRAS



Simulation of Gravitational Wave Sources of LIGO/Virgo
using NBODY6++GPU

Arca Sedda et al. 2023ab, 
2024: MNRAS

Colored Points: 
Nbody6++GPU

Gray Points:
Gravirational Wave Observations
By LIGO/Virgo

Left Corner:
Black Hole – Neutron Star Binary
Detected

Will be observed by FAST
(next slide)



Wa
Wang, Spurzem, Aarseth, et al. 2015, 2016
→ Exaflop/s Huang, Berczik, Spurzem 2016

NBODY6++GPU



h-index 65
(about 80% NBODY6++)



● Start and GrowthStart and Growth
● Code(s) and ScienceCode(s) and Science
● The futureThe future



New competition 1:
PeTar: MNRAS 2020
Many more papers...

New competition 2:
FROST: MNRAS 2021
BIFROST: MNRAS 2022



NBODY6++GPU with up to 16M particles
(Benchmarks on raven at MPCDF)



DRAGON I Simulation

https://github.com/nbody6ppgpu

Also in: https://www.punch4nfdi.de/

 

Wang, Spurzem, Aarseth, et al. 2015, 2016 

DRAGON II Simulation
Arca Sedda, Kamlah, Spurzem, et al. 2023, 2024ab        
MNRAS, 2015

The Future - DRAGON III 1m – 8m (16m?)

 Following talks of Kai Wu, Seungjae Lee and more in other sessions here using NBODY6+
+GPU

 Talks about using PeTar and BiFrost
 Globular Cluster (GC) next issues: Rotation, Populations, Tides and Tails, … 
 Nuclear Star Cluster (NSC) Simulations: TDE, EMRI, direct capture, partial TDE, partial 

accretion to SMBH.
 Will legacy codes survive with good support? (Ease of use, data releases, interfaces…)
 AI assisted coding, how far will it go?

Sverre Aarseth (1934-2024)Sverre Aarseth (1934-2024)

https://github.com/nbody6ppgpu
https://www.punch4nfdi.de/
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