Universiteit

4 Leiden
The Netherlands

Chaotic Dynamics in N-body systems
Boekholt, T.C.N.

Citation
Boekholt, T. C. N. (2015, November 10). Chaotic Dynamics in N-body systems. Retrieved from
https://hdl.handle.net/1887/36077

Version: Not Applicable (or Unknown)
Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/36077

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/36077

Cover Page

The handle http://hdl.handle.net/1887/36077 holds various files of this Leiden University
dissertation

Author: Boekholt, Tjarda

Title: Chaotic dynamics in N-body systems
Issue Date: 2015-11-10


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/36077

Chaotic Dynamics
in N-body Systems

Tjarda C. N. Boekholt






Chaotic Dynamics
in N-body Systems

Proefschrift

ter verkrijging van de graad van Doctor
aan de Universiteit Leiden
op gezag van de Rector Magnificus Prof. mr. C.J.J.M. Stolker,
volgens besluit van het college voor Promoties
in het openbaar te verdedigen op dinsdag 10 november 2015
klokke 13:45 uur

door

Tjarda Coenraad Nico Boekholt

geboren op 12 mei 1985
te Leidschendam



PROMOTOR:
CO-PROMOTOR:

OVERIGE LEDEN:

Prof. dr. S. F. Portegies Zwart
Prof. dr. D. C. Heggie University of Edinburgh

Prof. dr. S. L. W. McMillan Drexel University

Dr. A. L. Varri University of Edinburgh
Prof. dr. A. Doelman

Prof. dr. K. H. Kuijken

Prof. dr. H. J. A. Rottgering

(© 2015, Tjarda C. N. Boekholt
Chaotic Dynamics in N-body Systems
PhD Thesis, Universiteit Leiden

ISBN:

Dit proefschrift werd mede mogelijk gemaakt door financiéle steun van NWO

en NOVA.



Voor Pap en Mam

“You must have chaos within you

to give birth to a dancing star.”
Friedrich Nietzsche



Omslag: ontwerp J. R. C. Boekholt



Preface

Contents

1 Introduction

1.1
1.2
1.3

14
1.5

Dynamical Systems . . . . . . ... ... ... ......
The N-body Problem . . . . . . ... ... ... .....
N-body Simulations . . . .. .. .. .. ... .. ....
1.3.1 Algorithms . . . .. ... ... ... .......
1.3.2  Accuracy of N-body Results . . . . ... ... ..
Chaotic Dynamics . . . ... ... ... .. ... ...
This Thesis . . . . . . . . .. ... ... ... ...

2 Precise N-body Code: Brutus

2.1
2.2

2.3

24

Introduction . . . . . .. ... Lo Lo
Methods . . . . . . . .. ..
2.2.1 'The Benchmark Integrator . .. ... ... ...
2.2.2  The Brutus N-body Code . . . . ... ... ...
2.2.3 Method of Convergence . . . ... ........
Validation and Performance . . . . . . . ... ... ...
2.3.1 The Pythagorean Problem . . . . . . ... .. ..
2.3.2 The Equilateral Triangle . . . . . .. . ... ...
2.3.3 Plummer with N=16 . . . . . . . ... ... ...
Scaling with Time . . . . ... ... ... ... .....

3 Efficient N-body Code: Sakura

3.1
3.2

3.3

3.4
3.5

Introduction . . . . . . . . ... ...
Method . . . . .. .. ...
3.2.1 Hamiltonian Splitting . . . ... ... ... ...
3.2.2 Equations of Motion . . . . .. ... .. .. ...
3.2.3 Implementation . . . . ... ... ... ... ...
Validation and Performance . . . . . . .. ... .. ...
3.3.1 Small-N Systems . . . .. ... ... .......
3.3.2 Large-N Systems . . . . .. ... ... ......
Parallelization . . . . . . .. ... ... ... ... ....
Summary and Discussion . . .. .. .. .. ... ....

xi

13
13
15
15
15
16
18
18
20
22
24



4 Reliability of N-body
4.1 Experimental Setup . . . . ... ...
42 Results. . . . . . . o
4.2.1 Analytical Distributions . . . . . ... ... ...
4.2.2 Global Comparison . . . . .. .. ... ... ...
4.2.3 Lifetime of Triple Systems . . . . . . .. ... ..
4.2.4 Individual Comparison . . . . . . . ... .. ...
4.2.5 Escaper Identity . . . .. .. .. ... ... ...
4.3 Discussion . . . . . ... oo
4.3.1 Energy Conservation . . . . . ... ... .....
4.3.2 Asymmetry at Small Errors . . . . ... ... ..
4.3.3 Macroscopic Properties . . . .. ... ... ...
4.4 Conclusion . ... ... ... . ... ..
5 Quasi-ergodicity
5.1 Introduction. . . . .. .. ... ... ... ... ... .
5.2 Validation . . . . . . .. ... ...
53 Results. . . . . . .. .
54 Conclusion . . ... ... .o oo
6 Event-driven Chaos
6.1 Introduction. .. . .. ... ... ... ... .......
6.2 Event-driven Chaos. . . . . . .. ... ... ... ....
6.2.1 Generalization . . .. .. .. ... ... ... ..
6.3 Exponential Divergence . . . .. ... ... ... ....
6.3.1 Frequency Map . . . . . .. ... ... ...
6.3.2 Linear Kick Function. . . . . ... ... ... ..
6.3.3 Saw-tooth Kick Function . ... ... ... ...
6.3.4 Liapounov Time . .. ... ... ... .. ....
6.4 N-body Simulations . . . ... ... ... .. .. ...,
6.4.1 Phase Space Distance . . ... ... ... ....
6.4.2 Three-body Divergence . . ... ... ... ...
6.4.3 Hopping Between Planets . . . . . ... ... ..
6.4.4 Ensemble Simulations . . . ... ... ... ...
6.5 Discussion and Conclusions . . . . . .. ... ... ...
6.5.1 The Liapounov Time . . . . . . . . .. ... ...
6.5.2 Conclusions . . . . ... ... ... ... ...
7 Future Directions
7.1 Speed . . . . . .
7.2 Precision. . . .. .. ... ...

7.3 Reliability and Chaos . . .. .. .. ... ........



Bibliography

Nederlandse Samenvatting
Curriculum Vitae
Publications

Acknowledgements

121

123

131

133

135






Preface

”This is how one tries to put the comet, which has caused so much
fear, at the service of humour and of innocent children’s play and it
s clear that such things can count on a wide flow” — Leeuwarder
Courant June 27, 1910

So ends the article in the Leeuwarder Courant June 27, 1910 entitled
”The toy industry dedicated to Halley’s Comet”. And fear there was!
The News of the Day for the Dutch East-Indies of June 7, 1910 re-
ported a farmer from Eifeldorf-Geizenburg who threw her four month
old baby in a pit out of fear of the destruction of the world by the
arrival of Halley’s Comet. The baby drowned. Also, the Algemeen
Handelsblad of July 2, 1910 reported on numerous cases of suicide and
insanity in Italy, and attacks of rage and suicide in France.

The close encounter of a comet with earth produces one of the most
beautiful and dramatic sceneries we can observe, together with solar
eclipses or the Aurora Borealis. Throughout history, the appearance
of a comet was interpreted as a supernatural omen for good or bad
things to come. As the examples above illustrate, the ignorance in the
workings of nature and the belief in superstitions have caused harmless
wonders of the universe to have horrific consequences. It is one of the
tasks of the astronomer to understand the whereabouts of comets and
other objects in the universe, and to explain them to the public.

The author thanks R. Boekholt for retrieving the newspaper articles
and aiding with the text.

It is a pleasure to acknowledge the fruitful discussions and construc-
tive feedback on the content and presentation of this thesis, received
from various colleagues, including P. Hut, J. Makino, S. McMillan,
A. Quillen, I. Pelupessy, M. Fujii, A. L. Varri, S. Toonen, L. Jilkov4,
G. Costigan, G. G. Ferrari, A. Hamers, D. Caputo and A. Rimoldi.
A special thanks to D. C. Heggie for many interesting discussions and
providing improvements for every chapter in this thesis. I also thank
the referees of the three different journals (MNRAS, ApJ and ComAC)
for critically reviewing my work and providing useful suggestions. I
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wish to thank A. Young, R. Boekholt and M. Baten for making text
corrections throughout this thesis. Part of the numerical computa-
tions in this thesis were carried out on the Little Green Machine at
Leiden University and on the Lisa cluster at SURFSara in Amsterdam.

This work was supported by the Netherlands Research Council (NWO)
(grants #643.200.503, #639.073.803 and #614.061.608) and by the
Netherlands Research School for Astronomy (NOVA).

Leiden Observatory
August 14 2015



”The Sun, with all those planets revolving around it
and dependent on it, can still ripen a bunch of grapes
as if it had nothing else in the Universe to do.”
Galileo Galilei






