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“Errors  in calculations of n-body systems grow 
exponentially … and may therefore invalidate 

the results ...” (Miller 1964)

1954



Assahoryu vs Baruto 
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BRUTUS
a brute force arbitrary-precision N-body code

● Two ingredients:

● Gragg-Bulirsch-Stoer method 
– Modified midpoint method
– Richardson extrapolation
– Tolerance parameter

● Arbitrary-Precision arithmetic 

– Number of significant digits
Tjarda Boekholt 2015



black: dE/E <10-74 Red: dE/E <10-11
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AMUSE - philosophy
● Build on community codes
● Standardized interfaces
● Automate as much as possible
● >100 example scripts
● >20M lines of source code

F*, c/c++, python, java

And a book: 
Astronomical Recipes



  

The AMUSE script
%Merge_two_stars
from amuse.lab import *

primary = Particle(mass=0.75|units.MSun)
secondary = Particle(mass=0.55|units.MSun)
stellar = MESA()
stellar.particles.add_particles([primary, secodary])

stellar.evolve_model(10.2|units.Gyr)

stellar.merge_colliding(primary, secondary, MMAMS)

stellar.evolve_model(11.7|units.Gyr)
print stellar.particles



  

The AMUSE script
%Merge_two_stars
from amuse.lab import *

primary = Particle(mass=0.75|units.MSun)
secondary = Particle(mass=0.55|units.MSun)
stellar = MESA()
stellar.particles.add_particles([primary, secodary])

stellar.evolve_model(10.2|units.Gyr)

stellar.merge_colliding(primary, secondary, Gadget2)

stellar.evolve_model(11.7|units.Gyr)
print stellar.particles



  

The AMUSE script
%Merge_two_stars
from amuse.lab import *

primary = Particle(mass=0.75|units.MSun)
secondary = Particle(mass=0.55|units.MSun)
stellar = MESA()
stellar.particles.add_particles([primary, secodary])

stellar.evolve_model(10.2|units.Gyr)

stellar.merge_colliding(primary, secondary, Fi)

stellar.evolve_model(11.7|units.Gyr)
print stellar.particles
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Conclusions

● Reproducibility in Simulation software is an ill 
studied topic, and it deserves more attention.

● Emphasis should be given to:
● Software preservation.
● Guidelines for the proper conduction of simulation 

experiments
● Credit for software writing, preservation and 

validation
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Chaos in Halley

Munoz-Gutierrez etal 2014
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Orbit of comet Halley
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Growth of the error

δ = 0.5 log
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Jun & GRAPE-4

von Neuman & IAS

~30 000 000 times faster

500BC

2003

1960



  

The New supercomputer at 
Leiden Observatory

Volkskrant 5 April 2017



An ape on the shoulders of a giant,

still
is 
an
ape.

Rodin 1902

Ape 33M B.C.

Titan 2012



  

●Gravity has a negative heat capacity. 

●The force calculation is an N*N operation. 

●Gravity is global aware: There is no shielding in gravity, 
such as in molecular dynamics.

●At small distances the force grows limitless.

●The equations of motion are intrinsically chaotic (but we 
do not know why).

Gravity's complexities

E=3.6 1056 erg/s ~ 1million supernovae
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