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(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
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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 Via added new cits. Sippel

Vector Computers

GRAPE

GRAPE/
GPU Clusters

NBODY6++GPU



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.mao.kiev.ua/dragon/

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



 

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

Next Generation DRAGONII Simulations ongoing/planned/started
1million/5million/10 million? New Stellar Evolution/New TDE moels 
Spherical Clusters: Kamlah, Shu (also PeTaR) MOCCA team et al. 
Star-Disk: Fabj, Panamarev + Stardisk/Silkroad Teams



 

A&A 2020

MNRAS 2021, subm.
In refereeing process
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Original Slide by Taras Panamarev

Model: Panamarev, Just, Spurzem, Berczik, Wang, Arca Sedda 2019
“DRAGON” of Galactic Center



 

Star “Accretion” onto Black Holes – what happens really?
a.k.a Tidal Disruption Event (TDE)

See also Frank & Rees 1976, Amaro-Seoane & Spurzem 2001, Amaro-Seoane, Freitag & Spurzem 2004
All MNRAS (henceforth PAS2004)
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Star “Accretion” onto Black Holes – what happens really?
a.k.a Tidal Disruption Event (TDE)

r
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r
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PAS2004:

Typical density 
power-law created:
Bahcall-Wolf (1976)
(BW Cusp)
Also found by 
Frank & Rees (1976)
Shapiro & Lightman 
(1977)

Note flattening 
Inside r

crit 
!



 

Star “Accretion” onto Black Holes – what happens really?
a.k.a Tidal Disruption Event (TDE)

r
crit

r
inf

PAS2004:
Anisotropy 
Generation

> 0:
more radial
motion

< 0:
more tangent.
motion 

unconfirmed 
by  N-body



 

Star “Accretion” onto Black Holes – what happens really?
a.k.a Tidal Disruption Event (TDE)

Kennedy et al. 2016 (see also Brockamp, Baumgardt et al. 2011)

Method used for scaling
 to real systems:  
r

acc 
and N parameter

(e.g. Li et al. 2018, ...)

Dimensionless
Black Hole
Growth rate:



On Tidal Disruption On Tidal Disruption 
of Stars around of Stars around 
(supermassive) (supermassive) 

black holesblack holes
(From Frank & Rees 1976)(From Frank & Rees 1976)

Note:Note:
For Black Holes, For Black Holes, 

white dwarfs, neutron white dwarfs, neutron 
stars, rt does not stars, rt does not 

exist or is very small exist or is very small 
→ → 

Direct accretion or Direct accretion or 
Post-Newtonian Post-Newtonian 
inspiral happens!inspiral happens!

Star “Accretion” onto Black Holes – what happens really?
a.k.a Tidal Disruption Event (TDE)

r
t
 white dwarf

Added R.Sp.



 

Star “Accretion” onto Black Holes – what happens really?
a.k.a Tidal Disruption Event (TDE)

Current and Future Issues:
● Partial Accretion (Internal Structure, Giants)
● Stellar Collisions (Vilkoviski, Chilean collaboration)
● White Dwarfs
● Neutron Stars/Stellar Mass Black Holes Inspiral
● Axisymmetric Systems
● Star-Disk Interactions (Czerni & Vilkoviski 2002, Just et al. 2012, 

Kennedy et al. 2016, Panamarev et al. 2018, Fabj et al. in prep.)
● Fate of Massive Objects Growing 

                                   (Rizzuto, Arca Sedda et al. 2020, 2021)
● Role of resonant relaxation?

Upgrade of Stellar Evolution, 
● see e.g. Banerjee et al. 2020, Kamlah et al. 2021
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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 

Maybe he 
detects 
gravitational 
waves with this?



 GPU Clusters used:
    老虎 Beijing (NAOC/CAS and Silk Road Project(NAOC/CAS and Silk Road Project)

             85 Nodes, 64 Kepler K2

JURECA GPU Partition (75x 2x Kepler K80 GPU)

Golowood cluster, Main Astron. Observatory, Kiev, Ukraine

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

Max-Planck MPCDF GPU cluster (Kepler K20 GPUs)

                

    

  老虎  老虎

NAOC BeijingNAOC Beijing

Heidelberg
Germany

Kiev,
Ukraine

JUWELS Juelich GPU 
Cluster Germany
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