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Team Members and Collaborators

• Kamlah et al. 2021/2022: Preparing the next gravitational million-body simulations: Evolution of 
single and binary stars in Nbody6++GPU, MOCCA and McLuster, 2021, Monthly Notices of the 
Royal Astronomical Society, in press, arxiv:2105.08067

• Arca-Sedda et al. 2021, Breaching the Limit: Formation of GW190521-like and IMBH Mergers in 
Young Massive Clusters, 2021, The Astrophysical Journal, 920, 128

• Rizzuto et al. 2021:, Intermediate mass black hole formation in compact young massive star 
clusters, 2021, Monthly Notices of the Royal Astronomical Society, 501, 5257 (Paper I, Paper II 
2022 in review).

Today not presented:

• Stardisk and nuclear star clusters, single and binary supermassive black holes (Peter 
Berczik, Li Shuo, Zhong Shiyan, Kimitake Hayasaki, Andreas Just, Gaia Fabj, Marija Minzburg, 
Philip Cho)

• Planetary Systems in Star Clusters (SPP1992): Katja Stock, Francesco Flammini, Paul Zürn, 
Stephanie Gutmayer, Maxwell Cai, Simon Portegies Zwart
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Later used: Siemens 2002 at ARI in Heidelberg...



History

S.v. Hoerner,
Z.f.Astroph. 1960, 63

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

N=16,25 (40 Trx)



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

Siemens 2002
Computer in 1964
At ARI



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.



Physical and Numerical Methods: Modelling the DynamicsPhysical and Numerical Methods: Modelling the Dynamics



Some methods for studying the evolution of globular clusters  (by D.C.Heggie)

Hybrid models (e.g. Giersz & Spurzem 2000)

Physical and Numerical Methods: Modelling the DynamicsPhysical and Numerical Methods: Modelling the Dynamics

Von Hoerner, Wielen



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



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 I:  Gas SphereApprox. Models I:  Gas Sphere



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



Star2000 Conference Heidelberg: 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. 
San Francisco: Astronomical Society of the Pacific.



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

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

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



GRACE ClusterGRACE Cluster

4 Tflops  (32  micro-GRAPE6)
Dual Port Infiniband 

4 MPRACE-1 reconfigurable
         (soon: 32 MPRACE-2)

GRAPE + MPRACE
= GRACE   



Kupi, G., Amaro-Seoane, P., Spurzem, R.,  Dynamics of compact 
object clusters: a post-Newtonian study,  2006, MNRAS 371, L45 

Berentzen, I., Preto, M., Berczik, P., Merritt, D., Spurzem, 
R.,  Binary Black Hole Merger in Galactic Nuclei: Post-
Newtonian Simulations,  2009,  ApJ 695,  455 



1)Introduction – History
2)Star Cluster Dynamics with Black 
Holes and gravitational waves
1)Star Clusters with IMBH formation
2)Code(s) and Hardware



(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



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.bao.ac.cn/dragon/

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



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


 

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



 



Our Team Re-Union at MODEST-15s in Kobe, Dec. 2015
(ARI Heidelberg around 2000)

Pau Amaro-Seoane              Toshio Tsuchiya                                        Christian Boily
      Mike Fellhauer   Holger Baumgardt   Rainer Spurzem

Peter Berczik, ...
(not on picture)



Background Plot:
Sesana 2016

Taiji or
Tianqin
Hand
Drawn
Estimate

“Our”
DRAGON
Black Hole
Binary

Gong, Lau,
… Spurzem …
2015, 2011
(JphCS, CQGra)



Post-Newtonian DynamicsPost-Newtonian Dynamics

Perihel shift

 ... higher order…

Grav. Radiation 

r;v : relative distance, velocity 
μ = m1m2/M :     reduced mass ( M = m1 + m2 )
ν = μ / M     :      mass ratio
n = r / r   :  unit vector in radial direction

Schäfer, Gauge Theor. Grav. 36, 2223 (2004)
Memmesheimer, Gopakumar, Schäfer, Phys. Rev.D 70, 104011 (2004)
Blanchet, Luc; Living Reviews 2002, llr-2002-3







Kupi, Amaro-Seoane & Spurzem 2006

What happens afterwards? Post-Newton Order „2.5“...

Gravitational WavesGravitational Waves



Indirect Proof by Hulse and Taylor, 
binary pulsar (Nobel prize 1993) 



Slide by P. Laguna



Slide by P. Laguna



Spin-Orbit Interaction S / Spin-Spin SS

Faye, Blanchet, Buonanno 2006

Post-Newtonian DynamicsPost-Newtonian Dynamics



Rezzolla 
Final Spin
Formula

Brem,
Amaro-Seoane,
Spurzem,
MNRAS 2013



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



Post-Post-
Newtonian Newtonian 
DynamicsDynamics

Gravitational Gravitational 
Wave Wave 

TemplatesTemplates

Handle spin-orbit and 
spin-spin coupling
 (P.Brem, R. Spurzem, 
Univ. Heidelberg) 

Brem,
Amaro-Seoane,
Spurzem,
MNRAS 2013



GW Detection Abott et al. 2016



GW Detection Abott et al. 2016



Sobolenko,     Berczik, et       al. in prep.Sobolenko,     Berczik, et       al. in prep.



 VIRGO Detector in Cascina near Pisa, Italy

LISA = 
Laser Space 
Interferometer Antenna



VIRGO – Pisa 3km
LIGO – Livingston, LA
             Hanford, WA
                             4km
GEO600 – Hannover
                          600m
KAGRA - Japan

http://www.ligo-la.caltech.edu/
http://www.ego-gw.it
http://www.geo600.uni-hannover.de

Advanced:
Outreach to 50 Millionen
light years (Neutron Stars)

http://www.ligo-la.caltech.edu/
http://www.ego-gw.it/
http://www.geo600.uni-hannover.de/


Now: KAGRA



Moore et al. 2015
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Manuel Arca Sedda
Breaching the barrier: dynamical formation of the first 
intermediate-mass black hole discovered by LIGO-Virgo

18 - 02 - 2021ARI Institute 
Colloquium

GW190412:
 smallest mass ratio 

GW190521: 
 mass-gap  remnant with high m  ~142 MSUN

GW190814: 
massive NS?

GW190426_...: 
BH-NS merger

O3a observation run



Manuel Arca Sedda
Breaching the barrier: dynamical formation of the first 
intermediate-mass black hole discovered by LIGO-Virgo

18 - 02 - 2021ARI Institute 
Colloquium

Mergers in the upper mass-gap: GW190521 and IMBHs

Rizzuto et al (2021), MNRAS, 501, pp 5257-5273
Arca Sedda, M. et al, to be subm. to ApJ letters

From Rizzuto et al (2021)

1. Direct N-body simulations using NBODY6++GPU 

improved: PN corrections but no GW recoil!

2. 80 simulations with 

N = 110k stars (10% binaries)

m* = 0.08 - 100 MSUN

1. Central density  → W0 = 6 - 10, Rh = 0.6 - 1 pc 

2. Simulated time = 300 - 500 Myr 

3. An IMBH forms in 17 cases (out of 80) 

with a mass > 100 MSUN

From Arca Sedda et al (in prep)

1. Extract from the 80 models

a. A handful of IMBH-BH mergers

b. A fourth generation BH merger remnant

2. Use numerical relativity fitting formulae to 

a. Study the properties of remnants (mass, spin)

– Assess the impact of GW kicks

Rizzuto et al 2021



Manuel Arca Sedda
Breaching the barrier: dynamical formation of the first 
intermediate-mass black hole discovered by LIGO-Virgo

18 - 02 - 2021ARI Institute 
Colloquium

Mergers in the upper mass-gap: GW190521 and IMBHs

Our IMBHs are the byproduct of a swift 
sequence of stellar collisions that build-up 
a very massive star that is accreted by a 
stellar BH.

Primary: 
14 MS mergers + 
3 MS mergers + 
VMS-BH accretion =
------------------------------

VMS mass ~ 315 MSUN

Secondary:

“Normal” stellar BH with mass 20 MSUN

Rizzuto et al (2021), MNRAS, 501, pp 5257-5273



Rizzuto, Naab, Spurzem, … Berczik, Arca Sedda, et al. 2022



Rizzuto, Naab, Spurzem, Arca Sedda, Giersz, Banerjee, 2022



Manuel Arca Sedda
Breaching the barrier: dynamical formation of the first 
intermediate-mass black hole discovered by LIGO-Virgo

18 - 02 - 2021ARI Institute 
Colloquium

Arca Sedda, M. et al, to be subm. to ApJ letters



Rodriguez, Chatterjee, Rasio 2016: CMC (Monte Carlo Models) – approximate…
(compare also work of Giersz, Arca Sedda, Askar … MOCCA models)
       (Many simulation models, but highly approximate... )

LIGO/VIRGO



   2       4          6       8        10     12    Gyr

Downing 2012, Downing, Benacquista, Giersz & Spurzem, 2010, 2011:  
 (see also Banerjee, Baumgardt & Kroupa 2010 but … )

1-100 LIGO events Gpc-3/yr

Black Holes were retained in globular clusters:
 Before Strader et al. detection
 Before Breen & Heggie
 Before LIGO detection



Globular clusters: NGC 3201 

NGC 3201 (Orion 
Optics UK AG12Orion 
telescope): 
http://www.astro-
austral.cl/imagenes/st
arclusters/ngc
%203201/info.htm

• Globular clusters (GCs) are extremely 
old  fossil remnants of early galaxy 
formation 

• Milky Way hosts over 150 of these 

• GCs are extremely dense 

• Host hierarchical stellar systems, 
especially in their cores that act as a 
kind of heat source  delay core-
collapse

54



NGC 3201
• Very old and metal-

poor GC

• Negligbly rotating 
today (Bianchini et al. 
2018)  initially 
rotating much faster?

• Large half mass 
radius of 6.20 pc  
BH subsystem /  hard 
binary subsystem that 
counters core-
collapse?

• Three stellar mass 
BH binaries found in 
MUSE data (Giesers 
et al. 2018, 2019)

 DRAGON-II NGC 
3201 simulation 
project

Figure: Giesers et al. 
2019; HST survey: 
Nardiello et al. 2018; 
Piotto et al. 2015; See 
also Askar et al. 2018; 
Kremer et al. 2018 
Giesers et al. 2018, 
Price-Whelan et al. 2018

55

Slide by
A. Kamlah
Figure:
Giesers et 
al. 2019
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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.



New Jersey, Indiana, Heidelberg

HARDWARE



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



 GPU Clusters used:
JUWELS Booster GPU Partition (Ampere A100 GPU)

Golowood cluster, Main Astron. Observatory, Kiev, Ukraine

Kepler/bwFor clusters Heidelberg, Germany (12x +18x Kepler GPU)

Max-Planck MPCDF GPU clusters

                

    
  老虎  老虎

NAOC BeijingNAOC Beijing

Heidelberg
Germany

Kiev,
Ukraine

JUWELS Juelich GPU 
Cluster Germany



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



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



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

19951995

N=100N=100

1000 1000 
orb.timesorb.times



12/29/16 65

Physical and Numerical 
Methods:

Other 
Algorithms

(Spurzem 1999) (Spurzem 1999) + notes added+ notes added

gyrfalcon        fast multipole (Dehnen)
 FROST         direct N-Body (Rantala)
 PeTaR          N-Body-Tree (Wang)

++/GPU



Ahmad-Cohen
Neighbour Scheme

NBODY6++ / NBODY6GPU / NBODY6++GPU



f⃗ ij=−
G⋅m j

(rij
2 +ε 2 )3/2

r⃗ ij

~N ~N^2

a⃗ i= ∑
j=1;j≠i

N

f⃗ ij

GPU

Our own φGRAPE/GPU N-body code

Slide: Peter Berczik



  

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 



  

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

NBODY6++GPU



“Moore's” Law for Direct N-Body

by D.C. Heggie with added new cits. Sippel

Vector Computers

GRAPE

GRAPE/
GPU Clusters

NBODY6++GPU



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





Huang, Berczik, Spurzem, Res. Astron. Astroph. 2016, 16, 11.

NBODY6++GPU



From Shu Qi (Ph.D. Peking Uni 2021): 
Benchmarks with PeTaR on Juwels Booster in Jülich
Up tp 8 million particles; 50% binaries
(unpublished, computing time application)

NBODY6++GPU: in progress….



Past, current, and future simulations with Nbody6++GPU and MOCCA

• DRAGON-I simulations of globular clusters (GC) (Wang et al. 2015, 2016, Shu et al. 2021)

• MOCCA Survey Database I of 2000 GC models (Askar et al. 2017, Morawski et al. 2018)

• Nuclear star cluster harbouring a central accreting SMBH (Panamarev et al. 2019)

• IMBH growth studies (Giersz et al. 2015, Arca Sedda et al. 2019, di Carlo et al. 2020, 
Rizzuto et al. 2021. Arca Sedda et al. 2021, Rizzuto et al. 2022 new s.ev.)

Issues to deal with now/next:
 Stellar evolution update (cf. other work, e.g. CMC/COSMIC (Breivik et al. 2020), 

MSE (Hamers et al. 2020), MOBSE2 (Giacobbo et al. 2018),….)  our work:  
Banerjee et al. 2020, Kamlah et al. 2021

 Relativistic kicks after PN merger (Morawski et al. 2018 and earlier); our work → 
Arca Sedda et al. 2021, in progress with Banerjee

 Tidal fields: (see Meiron, Webb, Hong, Spurzem, Berczik, Carlberg 2021); 
options 3D time-dep. field or TT 3D tidal tensor Renaud; 

Current / future simulations with updated SSE/BSE:
• New MOCCA Survey Database II (chuck; Giersz, Hypki, Leveque et al.)

• DRAGON-II IMBH studies (JUWELS, binAC; Arca Sedda et al.) (incl. rotation)

• DRAGON-II of NGC 3201 (JUWELS; Kamlah, Spurzem et al.) (incl. Rotation)

• 47 Tuc, ω Cen, nuclear star clusters
76

Original
Slide by
A. Kamlah
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