
N-body Simulations and 
Applications in Astronomy

S N Hasan
MANUU

Hyderabad
hasan.najam@gmail.com



Where do I begin?





N

ji ij

ijj
i

r

rGm
r

1)(
3





The Starry Lessons

•Patterns

•Regularity

•Perfection

•Predictability 

The heavens inspiration the great thinkers to usher in 
the modern scientific revolution.

By the time of Galileo, Tyco Brahe, Kepler, Newton: 
the modern scientific revolution had began.

The modern scientific mind set was being forged.

Irregularities



….. the beginning

Having established orbits the motion of the planets around 
the Sun. 

One question troubled the Astronomers:

Is the Solar System stable?



The N-body problem
The study of the motion of N bodies moving 
under mutual gravitational attraction.  
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Three Body Problem

The study of the motion of three mass points moving under 
mutual gravitational attraction is defined as the Three Body 
Problem.

m2

m3

m1



Three Body Problem

 Mathematically well posed 
 Easy to obtain its equations of motion
 Formidable one
 Played a central role in Celestial Mechanics for 

over 400 years
 Many applications

Lunar Theories
Artificial Satellites
Impact orbits
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Nature of the Problem

 Two Body Problem – has solutions
 Three Body Problem – has no general closed form 

solutions
 Particular solutions

- numerical



Earth – Moon -Satellite



Applications of N-Body Problem in Astronomy

 Dynamics of the Solar System 
 Dynamics and evolution of star clusters (Open & Globular)
 Dynamics of galaxies and their interactions 
 Dynamics of clusters of galaxies
 Large scale structure formation in the early        universe



Approach

Create a loop with does the following repeatedly:
 Update positions using velocities 

xi+1 = xi + (t) vi
 Calculate forces F
 Update velocities 

vi+1 = vi + (1/m) (t) Fi



The art of N-body simulations

 Creativity
Originality
 Simplicity
Beauty



Algorithms

 Particle-Particle (PP)
 Particle-Mesh (PM)
 Particle-Particle/Particle-Mesh (P3M)
 Particle Multiple-Mesh (PM2)
 Nested Grid Particle-Mesh (NGPM)
 Tree-Code (TC) Top Down, Bottom Up 
 Fast-Multipole-Method (FMM)
 Tree-Code Particle Mesh (TPM)
 Self-Consistent Field (SCF)
 Symplectic Method



Particle-Particle
(the naive method) 
• Accumulate forces by finding the force F(i,j) of 

particle j on particle i
• Integrate the equations of motion (which includes 

the accumulated forces) and 
• Update the time counter
• Repeat for the next time step 
x The time required to calculate all interactions is 

O(n2) 
x This is inefficient for systems with > 106 bodies
x This requires 1 Teraflops machines for 105

particles 



GRAPE/HARP computer

To simulate > 105 particles
Makino, Hut, Aarseth
chips that perform a
Hermite integration to reduce
memory requirements
allow somewhat larger time
steps
called their specialized
GRAPE computer: HARP
"Hermite AcceleratoR
Pipeline“



Particle-Mesh (PM) (1970s)

 breaks space into uniform 
mesh

 Places each particle in 
appropriate cell

 Uses DFT to solve PDE
 Time reqd: 

O(m log m)
 for studying unacceptable 

close encounters between 
particles 

 non-uniform particle 
distributions



Further variations……..

Particle-Particle Particle-Mesh (P3M)
Combination of direct PP and PM
Better accuracy for the same time as PM

Nested Grid Particle-Mesh (NGPM)

Related to multi-grid methods



Tree Based Methods
Top-down particle-cell

the same force 
superposition concept as the 
P3M algorithm
 Divides space into a 
quadtree (2 dimensional) or 
octree (3 dimensional)
 When a cell is far enough 
away from a particle we can 
calculate the force to the 
center of mass of the cell 
instead of having to calculate 
the force to each particle in 
the cell. 



Barnes-Hut Tree Code 
 places a single cube around the entire system 

called root cell which is recursively sub-divided, 
unique cell per particle

 Potential ~ 1/r, if d >l/
 waste no time simulating regions devoid of 

matter.
 particularly effective for modeling collisions 

between galaxies. 
 Forces obtained with O(N log N) operations. 
 codes require a large amount of auxillary storage 



Some more………

 Tree-Code-Particle-Mesh (TPM)
 Self-Consistent Field (SCF)

for evolving collisionless stellar systems
 Symplectic Method

used in solar system dynamical integrations,
based on Hamiltonian mechanics and goes back 
to Poincare's work in the late 1800'



Some Available Codes…..

 NEMO- Stellar Dynamics Toolbox  
 Sky Coyote's Nbody in Java. 
 D. Thiebaut's "nbody.c" from Parallel Programming 

in C for the Transputer. 
 NBody Particle-Particle Program w/C Source (uses 

7th order Runge-Kutta for startup, and then 
switches to Adams-Moulton). 

 NBody6: Aarseth’s Code for star clusters
 GalaxSee: An N-Body Dynamics Probe software 
 GADGET

 Starlab



Some applications ……



Star Clusters



Mass Segregation

Mass segregation is the systematic mass dependent 
distribution of stars as a function of distance from 
the centre according to their masses, leading to the 
concentration of high mass stars near the centre 
and the low mass ones away from the centre.



Mass segregation can take place 

• As a result of dynamical interactions between stars 
in clusters 

or
• Primordial in nature



Types of forces on a star in a stellar system:

extirrreg FFFF




0extF


Closed system

regF


Regular force -attraction of the system as a 
whole

irrF


Irregular force – chance encounters

If  irregular force dominates – system treated as N-body problem

If regular forces dominate – system treated as gravitational continuum –

Hydrodynamical approach used



Effect of an encounter of a star cluster with GMC

This leads to:
➢ Expansion of star clusters
➢ Escape of stars from the system
➢ Dissolution of star clusters

– star clusters get dissolved or destroyed



Relaxation Time
Time interval after which the irregular forces arising from chance 
encounters will have changed the orbit of the star to such an 
extent that the actual orbit can no longer be described even 
approximately by regular orbit.

crossrelax t
N

N
t

ln8


N is the number of stars
R is the radius and σv is the velocity dispersion. 

(Binney & Merrifield 1998)

where

v
cross

R
t


 Crossing time



Simulations

 Study the evolution of clusters located at different galactocentric 
distances.
 Investigate the evolution of clusters with different degrees of 

initial mass segregation.
 Compare the evolution of initially segregated clusters with that of 

unsegregated clusters, both having the same initial density profile.



Simulations

Method: N-body simulation carried by Aarseth’s code N-Body6.

Initial conditions:  

Galactocentric distance, Rg = 4, 12, 36 kpc
Galactic tidal field taken as Keplerian potential, determined by a point mass          
Mg = total mass of galaxy inside Rg.
IMF  star mass range = 0.1 to 100 solar masses.
Star masses were generated by analytical function of Salpeter
Initial number of particles, N = 10,000
Initial mass segregation was set up using the following method – Effects of stellar 

evolution was not included initially, and the cluster was let to evolve till it 
reached a degree of segregation due to two-body relaxation.

Initial mass segregation was setup and its initial density profile and initial radial 
profile of the star mean mass have been taken.



Discussions of simulation

• Initial mass segregation effects the dynamical evolution of 
clusters.

• The presence of high mass stars with stellar evolution 
triggers expansion and early cluster dissolution for clusters 
which fill Roche lobes for segregated clusters.

• For clusters which do not fill the Roche lobe the early 
expansion does not make a significant difference in either 
cases.

• Primodial binaries play an important role in the dynamical 
evolution of clusters – presence of primodial binaries can 
lead to reduced relaxation time.



Types of Galaxies



The Hubble Tuning Fork Diagram

Ellipticals

Lenticular
Spirals

Spirals with Bars 

Peculiar

Irregular



Interacting Galaxies

• Blind Spot: Sheer disbelief that gravity could 
produce such exotic structures such as tails, 
bridges, etc.   

Background & Early History

Galaxies were seen as isolated, mostly un-evolving 
island universes.

• Lack of high quality imaging & spectroscopic 
data in various wavebands.

• Detailed theories of stellar evolution &
nucleosynthesis were not discovered



Simulating the Mice



Galaxy collision: A close encounter that has a 
significant effect on one of the galaxies involved.

“ A near miss is as good as a hit in this field.”
 Involve a tremendous amount of energy
 Results in important evolutionary effects
 Not a high energy phenomenon

• Velocities are small
• Extremely slow

M1 ~ M2 ~ 1012Msun
Mgals=2 X 1042 kg
Vrel =. 300 km /sec

E ~ 1053 J

~ 0.1 % c

Energies comparable 
to binging energies

3 X 108 yrs.



When galaxies come close

Tidal forces act at gigantic scales- resulting in
the formation of:

• Tails
• Bridges

Conditions for the formation of tails & bridges:
• Galaxies should approach each other in parabolic or 

highly eccentric orbits
• Prograde orbits
• Galaxies should not penetrate much.



Galaxy Mergers

 The galaxies should approach each other with small 
relative velocities

 Depending upon the initial conditions stars gain or loose 
energy.

 Stars which gain energy move outward
those which loose fall inward.

 In general a star gains energy. 
 The increase in overall energy loosen them and make 

them disrupt.
 The increase of internal energy of the galaxies is at the 

expense of orbital energy- resulting in a Merger.

slow fast parabolic



Galaxies in galaxy clusters

Observations show:

The average morphology of galaxies changes with cluster 
centric radius or local density. 
The central region of clusters at the present epoch is 

dominated by early-type galaxies. 

This is known as the morphology-radius relation (MRR)  
or  morphology-density relation (MDR).

The local density is on  an average a monotonically  
decreasing function of clustercentric radius.



Important Questions:

Which one plays a critical role in determining the galaxy    
morphology?
cluster centric radius
the local density 

What physical parameters of galaxies correlate 
fundamentally with the environment ?
morphology, color, star formation rate, or stellar mass



Thank You



Relaxation Time

Time interval after which the irregular forces 
arising from chance encounters will have changed 
the orbit of the star to such an extent that the actual 
orbit can no longer be described even approximately 
by regular orbit.





Relaxation Time – a re-look 

We can define it in two ways:

(1) The time of relaxation is the time after which, on account 
of the cumulative effect of stellar encounters, a star will    
have deviated by an angle of 900 from its original 
direction.

(2) The time of relaxation is the time after which the total 
change in energy of a star due to irregular forces become 
of the same order of magnitude as its initial kinetic 
energy.



Result of stellar encounters in a star cluster:

Due to stellar encounters the velocity distribution in a 
stellar system will tend to be a Maxwellian distribution.

- Relaxation time is essentially the time in which a 
Maxwellian distribution of stellar velocities is set up.

Alternatively:
If a statistical equilibrium of the system is distrubed at 
any time it will take time of the order of the relaxation 
time to recover its original equilibrium.



Expression for Relaxation Time

t relax=
N

8ln N
tcross

N is the number of stars
R is the radius and σv is the velocity dispersion. 

(Binney & Merrifield 1998)

where

t cross=
R
σv

Crossing time

t relax=
V 3

16πG 2m2 n
(Chandrashekar 1942)

or



For the system to be bounded

E<0 Necessary condition but not sufficient

For the system to be stable – Virialized

2T+Ω= 0


