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90’s at Institute of Astronomy, Cambridge, UK

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

Below:
Chris Tout, E. Vilkoviski,
Sverre Aarseth



Binary Parallelization 
in Norway 2001 – not 
yet successful



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



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



Further Development of
Chain Regularization 

IAU Symp. No. 246
Capri, Italy, 2007 

Top: 
Sverre Aarseth,
Seppo Mikkola

Right:
Sverre Aarseth
Pavel Kroupa
Paulina Assmann



Heidelberg 2018
Work Life Balance 
(Pic: A. Just)



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

N-body Codes:

Von Hoerner
Wielen
Aarseth

independent
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Introduction
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NAOC/NAOC/
CASCAS

Top: NAOC Headquarter Beijing

Bottom: LAMOST Site

Silk Road Project =
Computational Science Project...



(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 

Globular Cluster 47 Tuc

~ one million stars



Dynamics of Star ClustersDynamics of Star Clusters



Divergence Of Trajectories

R.H. Miller, 1964



Concept of Shadow Orbits

Quinlan & Tremaine 1992



Concept of 
Shadow Orbits

Quinlan & Tremaine 
1992



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)

Dynamics of Star Clusters:Dynamics of Star Clusters: Gas Sphere Model Gas Sphere Model



3-body Encounters Starlab 
Simulation (S.L.W. McMillan)

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



(Spurzem & Aarseth 1996)                                 (Giersz & Spurzem 1994)

                                                                            (now in Binney/Tremaine)

N-Body / N-Body                         N-Body / Fokker-Planck

In spherical symmetry                       ...but...

Dynamics of Star ClustersDynamics of Star Clusters
(compare gaseous model with direct N-body integration)(compare gaseous model with direct N-body integration)



Kim, Yoon,Kim, Yoon,
Lee, Spurzem,Lee, Spurzem,
2008, MNRAS2008, MNRAS

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

Dynamics of (Rotating) Star ClustersDynamics of (Rotating) Star Clusters
Fokker-Planck N-Body ComparisonFokker-Planck N-Body Comparison
  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 

spherical

rotating



DRAGON I Simulation



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/

https://github.com/nbody6ppgpu

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

 

Number of Floating Point Operations (~1M bodies) similar to largest

Cosmological simulations (Millennium, Illustris, ~1010 bodies)

http://silkroad.zah.uni-heidelberg.de/dragon/
https://github.com/nbody6ppgpu
https://www.punch4nfdi.de/


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

 First realistic globular star cluster model with 
million stars (Wang, Spurzem, Aarseth, …, 
Berczik, Kouwenhoven, … MNRAS 2015, 2016)

 Synthetic CMD (right side) with zero 
photometric errors, different ages shown 

 Black hole binary mergers occur as observed 
by LIGO. Our grav. waveforms computed 
from simulation (right side). (Only inspiral 
plotted not ringdown.)

 GPU accelerated supercomputers laohu in 
NAOC and hydra of Max-Planck (MPCDF) in 
Germany needed! 

http://www.mpa-garching.mpg.de/328833/hl201603

http://www.mpa-garching.mpg.de/328833/hl201603


DRAGON II Simulations



DRAGON-II Simulations – Paper III
using NBODY6++GPU

Arca Sedda et al. 2023ab, 
2024: MNRAS
19 models, up to 1 million stars, 
up to 33% initial hard binaries

Compact Object Mergers
Compared with LIGO-Virgo 
GWTC-3 catalogue (grey 
symbols)

Mass ratio q vs. primary mass 
m1; colour code:
secondary mass m2

grey shade: neutron star 
involved
red Shade: mass gap



DRAGON I Simulation
https://astro-silkroad.eu

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?)
ARI Colloquium Kai Wu, July 10, 2025

DRAGON I Simulation: Wang, Spurzem, Aarseth, et al. 2015, 2016 

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

DRAGON III Simulation: Wu et al. 2025, in prep., and DRAGON Data Release 

https://astro-silkroad.eu/
https://github.com/nbody6ppgpu
https://www.punch4nfdi.de/


Young Dense Clusters



NATURE 636, pages 332–336 (2024), Mowla et al. Dec. 2024: The most distant galaxies detected 
were seen when the Universe was a scant 5% of its current age. At these times, progenitors of 
galaxies such as the Milky Way were about 10,000 times less massive. … Here we present 
JWST observations of a strongly lensed galaxy at zspec = 8.296 ± 0.001, showing massive star 
clusters (the Firefly Sparkle)...The Firefly Sparkle exhibits traits of a young, gas-rich galaxy in 
its early formation stage. The mass of the galaxy is concentrated in 10 star clusters (49–57% of 
total mass), with individual masses ranging from 105M⊙ to 106M⊙. These unresolved clusters 
have high surface densities (>103M⊙ pc−2), exceeding those of Milky Way globular clusters and 
young star clusters in nearby galaxies. The central cluster shows … a top-heavy initial mass 
function. These observations provide our first spectrophotometric view of a typical galaxy in its 
early stages, in a 600-million-year-old Universe.

c, Combined short 
wavelength (F115W + 
F150W + F200W) 
image of the Firefly 
Sparkle, in which the 
distinct clusters can be 
seen. Scale bars, 1″.

Globular Clusters
in the
Young Universe I



Work in Progress:
 Very Massive Stars, ... Black Holes, 

Relativistic Dynamics
Submitted A&A May 2025



Work in Progress:
 Very Massive Stars, ... Black Holes, 

Relativistic Dynamics

From: Vergara et al. 2025, to be subm. to A&A



Fast Intermediate Mass Black Hole Formation
By Stellar Collisions in Dense Star Cluster

1 = main sequence star                  7 = naked He main seq. Star           14 = black hole

Extended SSE/BSE stellar evolution, originally Hurley et al. 2002, 2005
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Slide:

Miguel

Preto



 
Original Slide by Taras Panamarev

Model: Panamarev, Just, Spurzem, Berczik, Wang, Arca Sedda 2019, MNRAS
“DRAGON” of Galactic Center (one million bodies, SMBH, 1% hard binaries)



Star ClustersStar Clusters
around  around  

(supermassive) (supermassive) 
black holesblack holes

(From Frank & Rees 1976(From Frank & Rees 1976
See also:See also:

Dokuchaev & Ozernoy 1977abc)Dokuchaev & Ozernoy 1977abc)

Predicted:Predicted:
Char. Density profileChar. Density profile

n(r) ~ rn(r) ~ r-7/4-7/4

rS : Schwarzschild – rad.
rT : tidal disruption rad.
       (solar type star)
rcoll : stellar collisions inside
rh : grav. Influence rad.
rcrit : loss cone maximum
       (spherical symmetry)
rmax: Oscillation in equipartition





DRAGON 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

rh : init  / 5 Gyr



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

Panamarev, Berczik,…, Just, Spurzem, 2018, MNRAS

First Simulation of its kind – BUT!!

 One single accretion (“tidal”) radius for ALL objects!
 Rather outdated stellar evolution (winds/remnants/BH mergers)
 Neutron stars / pulsars lost (no gal. Potential, too high kicks)

DRAGON Galactic Center Simulations



Tidal Disruption Events
for 

DRAGON-III
(5 Improvements)



 

Slide by Kimitake Hayasaki



 

Slide by Kimitake Hayasaki



DRAGON III of Galactic Center
 tidal disruption and partial accretion – improvement 1 

(Cho Master Thesis 2024, in preparation for Cho et al. 2025, A&A;

see also Zhong, Li, Berczik, Sp. 2022, Hayasaki, Zhong, Hayasaki, Li, Berczik, Sp.  2023  )



 = rẞ t / rp     ; χ = (e-1)/Δe ; Δe = (2/ß)(m*/MBH)(1/3)

Results – TDE (Slide by Philip Cho, Pilot Simulations)

50
/11



Mass Fraction of a tidally disrupted star accreted to SMBH
Using first order analytic model of energy profile in star (top-hat)

(see Hayasaki et al. 2013, 2018)

Eccentric    TDE                             Hyperbolic           TDE      

DRAGON III of Galactic Center
 tidal disruption and partial accretion – Improvement 1 (Cho)



Preliminary Results: Percentage of Ecc./Hyp. Partial TDEs

(Relevant for TDE light curves)

Taken from

Philip Seunghee Cho: 

Master Thesis

Univ. Heidelberg 

2023

DRAGON III of Galactic Center
 tidal disruption and partial accretion – improvement 3 (Cho)



DRAGON III of Galactic Center
Why is it important to know about TDE event rates from simulations?

Hundreds if not tens of thousands will be detected soon 

(LSST, ZTF, ULTRASAT, eROSITA, …., Szekerzczes, Ryu et al. 2024, A&A)

We need to know about parameters of host galaxies, nuclear clusters 



DRAGON III of Galactic Center
accretion and disruption processes depend on type of object – improvement 2

 (Minzburg Master Thesis to be published)

Improvement 2: Tidal Disruption Radius varies with * parameters (m,r);

Include relativistic inspirals of bh and ns (not plotted here)

Include direct capture of very low mass ms stars (not plotted here)

w. improvement 2

old

black hole mass growth



 

From: Zhong, Li, Berczik, Spurzem, 2022, ApJ

Improvement 3:
Partial and Full Tidal Disruption Events in

Nuclear Star Cluster Simulations

More PTDE than FTDE – orbits diverse!



 

Li, Zhong, Berczik, Spurzem, Chen, Liu, MNRAS 2023

PTDE

FTDE

Full and Partial Tidal Disruption
Events (FTDE / PTDE)

Improvement 4



 

Li, Zhong, Berczik, Spurzem, Chen, Liu, MNRAS 2023

 Tidal Disruption Events in Merging 
Nuclear star clusters



TDE in Nbody6++GPU - 
Improvement 5

https://arxiv.org/abs/2503.22109
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Code(s)
Nbody6++GPU



Physical and Numerical Methods: Direct SimulationsPhysical and Numerical Methods: Direct Simulations
Direct: high accuracy / active-inactive particlesDirect: high accuracy / active-inactive particles

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

Repeat Step 1 at tRepeat Step 1 at t11using predicted x,v using predicted x,v → a→ a1, 1, åå11

NBODY6++GPU: https://github.com/nbody6ppgpu/



Physical and Numerical Methods: Direct SimulationsPhysical and Numerical Methods: Direct Simulations

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!



Physical and Numerical Methods: Direct SimulationsPhysical and Numerical Methods: Direct Simulations

P(EC)P(EC)nn Scheme, n=1, Kokubo et al. 1998, Hut et al. 1995 Scheme, n=1, Kokubo et al. 1998, Hut et al. 1995

1 higher order in1 higher order in
x-predictionx-prediction

This is time-symmetric (exchange 0,1, change sign(v),sign(This is time-symmetric (exchange 0,1, change sign(v),sign(å))!å))!
(But pred/corr diff. in x,v of field particles neglected)(But pred/corr diff. in x,v of field particles neglected)
By iteration n>1 it improves further.By iteration n>1 it improves further.  



Physical and Numerical Methods: Direct SimulationsPhysical and Numerical Methods: Direct Simulations

19951995

N=100N=100

1000 1000 
orb.timesorb.times



Physical and Numerical Methods: Direct SimulationsPhysical and Numerical Methods: Direct Simulations

Kokubo et al. 1998Kokubo et al. 1998

Yoshinaga et al. 1999Yoshinaga et al. 1999

Kokubo & Makino 2004Kokubo & Makino 2004

Makino, Hut et al. 2006Makino, Hut et al. 2006

Glaschke, Amaro-Seoane,Glaschke, Amaro-Seoane,
Sp, 2014aSp, 2014a
Amaro-Seoane, Glaschke,Amaro-Seoane, Glaschke,
Sp, 2014bSp, 2014b



  

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)

Software Software 



NBODY1 – NBODY7: “The Growth of an Industry” (Aarseth 1999)

                                                       

NBODY6++GPU: https://github.com/nbody6ppgpu/

Part of https://www.punch4nfdi.de/  PUNCH4NFDI Consortium w. Jülich

Berczik, Spurzem, et al., LNCS 2013;  Table from: Spurzem, Kamlah 2023, LRCA 

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


66
88

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



Codes 

Parallelization 
Supercomputing
GPU Computing



f⃗ ij=−
G⋅m j

(r ij
2+ε 2 )3/2 r⃗ ij

~N ~N^2

a⃗i= ∑
j=1;j≠i

N

f⃗ ij

GPU

Our own φGRAPE/GPU N-body code

Slide: Peter Berczik



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

→ Exaflop/s Huang, Berczik, Spurzem 2016

NBODY6++GPU



77
33

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



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)



Supercomputers



Jun Makino 

with GRAPE6 → 

(2002)

Nature 1990



64 Kepler K20

Laohu: 2009/2015 
(Kepler GPU)
100 Tflop/s 150k cores

New GPUs 5-6 times 
faster… (see below)

laohu

New VOLTA

GPU

Peter
Berczik



 

JUWELS Booster 936 nodes (AMD CPU, 4x Ampere GPU)

~450.000 AMD cores, 25 million NVIDIA Ampere GPU cores

~ 70 Pflop/s SP    ~ 44 Pflop/s DP

No. 12 in top500 list, No. 25 in green500 list



Supercomputer, Kajaani, Finland

EuroHPC and LUMI consortium:

Finland, Belgium, Czech Republic, Denmark, Estonia, Iceland, Norway, 
Poland, Sweden, and Switzerland.

Using only

Hydroelectric

Power and its

Heat used for heating 
buildings.

No. 3 in top500

No. 7 in green500

2.2 million cores

10.000 AMD GPUs



 

China New Computing Technology

Hygon CPU/DCU

(Deep Computing Unit)

~ AMD EPYC/AMD GPU

HIP programming language



China – Kazakhstan government funded science collaboration (several disciplines)
Astrophysics: Silk Road NAOC with FAI

50 GPU Servers (~400 GPUs), Storage, Network, … 
Use Chinese Hardware
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https://github.com/nbody6ppgpu

DRAGON I Simulation: Wang, Spurzem, Aarseth, et al. 2015, 2016 

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

DRAGON III Simulation: Wu et al. 2025, in prep., and DRAGON Data Release 

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

 Compare and validate, also with other methods (MOCCA, CMC, Fokker-Planck, ...)
 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, new modules…)
 AI assisted coding, how far will it go?

https://github.com/nbody6ppgpu


Scientific Organizing Committee*:
Zhongmu Li (Dali U), Rainer Spurzem (ARI/ZAH, NAOC/CAS, KIAA/PKU)

Bobomurat Ahmedov (ITP, IAS, IFAR, UBAI, HAI)

Kanat Baigarim (ECL/NU), Chingis Omarov (FAI), 

Ernazar Abdikamalov (ECL/NU), Bekdaulet Shukirgaliyev (ECL/NU) 

Hyung Mok Lee (SNU) 

Thijs (M.B.N.) Kouwenhoven (XJTLU) 

https://astro-silkroad.eu/conferences/silkroad14https://astro-silkroad.eu/conferences/silkroad14



Team & Collaborators as below and further:
Thorsten Naab (MPA), Mirek Giersz (CAMK), 

Ataru Tanikawa (Tokyo U), Nadine Neumayer (MPIA)

DRAGON simulations – globular and nuclear star clusters
• DRAGON simulation: PhD thesis Long Wang, KIAA/PKU, awarded for first realistic globular 

cluster simulation using NBODY6++GPU with one million stars and many binaries (Wang, 
Spurzem, Aarseth, et al., MNRAS 2016).

• The Dragon-II simulations – Paper  III. Compact binary mergers in clusters with up to 1 
million stars: mass, spin, eccentricity, merger rate and pair instability supernovae rate 
(Arca Sedda, M., Kamlah, A. W. H., Spurzem, R., et al.) Paper I,II,III (MNRAS 2023, 2024)

NBODY6++GPU and more, current state:

• Spurzem, R., Kamlah A.W.H. Direct N-body simulations, in Living Rev. in Comp. 
Astrophysics 9, id.3 (2023) (NBODY7 see also Banerjee, Sambaran papers)

Direct Nuclear Star Cluster Models with SMBH and TDE:
• DRAGON simulation of the Galactic Center, PhD thesis of Taras Panamarev, ARI/ZAH Univ. of 

Heidelberg (Panamarev, Just, Spurzem, Berczik, Wang, Arca Sedda, MNRAS 2019), simple TDE
• Revisit the Rate of Tidal Disruption Events: The Role of the Partial Tidal Disruption Event 

(Zhong, S., Li, S., Berczik, P., Spurzem, R.) 933, 96 (2022), TDE improved 3
• Marija Minzburg, Philip Cho: Master Thesises Heidelberg 2023, publication in progress, TDE 

improved 1 and 2, paper in preparation.
Recent or in prep.:
• Vergara et al. 2024, A&A, 2025, to be submitted A&A – Formation of IMBH
• Li, Zhong, Berczik, Spurzem, Chen, Liu (MNRAS 2023 and earlier): merging nuclei with TDE
• Amiri et al., fractal initial models, primordial mass segregation
• Kamlah, Wu, Liu, Tanikawa, Neumayer, Sp, et al., PopIII star clusters
• Cho, Wu, Sp et al., DRAGON-III of nuclear star clusters
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