
                simulations - 1 

J A Sellwood 



Collisionless stellar systems 

• Manifest a number of complicated collective 
phenomena 

– spiral arms, bar instabilities, collapses, mergers, etc. 

– too complicated to be calculated analytically 

• N-body simulations are powerful tools to        
study this collective behavior.  They are also 

– expensive to run, not easy to set up, can suffer       
from artifacts, and can be difficult to interpret 

– in short, they are not a panacea 



Well-formulated problems 

• Need to be clear what science question you 
want to address 

• Does it really need a full-blown simulation? 



Example 1 

• Toomre & Toomre 
(1972) 

– tidal bridges and 
tails 

– restricted 3-body 
forces on each 
particle 



Second 
example 

• Muñoz et al. (2008) 

– tidal disruption of  a dSph by 
the Milky Way 

– self-G for the dwarf only, with 
the Milky Way as an external 
potential 



Third example 

• S12 – development                                              
of spiral activity 

• Amplitude of non-                               
axisymmetric features                                       
with various N 

• Confining motion to a plane is more efficient 

– need rigid mass to represent attraction of the halo 

• But also it is essential to simplify in this way to 
develop understanding 



Well-formulated problems 

• Need to be clear what science question you 
want to address 

• Does it really need a full-blown simulation? 

– only rarely! 

• Is collisionless stellar dynamics adequate, or 
will gas dynamics need to be included? 

– bear in mind that simulations that include more 
physical processes are both more computationally 
expensive and harder to understand 

• cf. modern simulations of galaxy formation 



The Milky Way 
(a fantasized image) 

• The Milky Way has 

– a disk with spiral arms 

– a bar which is thicker                                                
than the disk 

– a DM halo 

– many satellites, GCs, etc. 

• Can we build a complete N-body model? 

– very unlikely to be able to match all known features 

– but how close could we get? 



Shen et al. (2010) 

• Barred disk model (after 
quite a few tries!) 

• Reasonable 
correspondence with 

– near IR image of the 
bulge/bar and 

– bulge stellar velocities 

• But a rigid halo, no 
spirals, ... 

• More work to be done 



Outline 

• Here my focus will be on collisionless simulations 
– gas dynamics in the last lecture only 

• Quite detailed description of methods and uses 
of N-body simulations 



Outline 

• Here my focus will be on collisionless simulations 
– gas dynamics in the last lecture only 

• Quite detailed description of methods and uses 
of N-body simulations 

– more technical details can be found in 
http://physics.rutgers.edu/~sellwood/manual.pdf 

• Strongly recommend grid methods over tree 
codes  

– many tens of times faster, although not as adaptable 

– are ideal for simulations of single galaxies, such as the 
Milky Way 



Relaxation rate 



 



 



Relaxation time 

• Applies to spherical systems only 

– return to disks later 

 



Relaxation tests 

• Individual particles should conserve E and L in a 
perfectly collisionless, stable equilibrium 

• Set up a stable, equilibrium models 

– spherical systems are generally stable 

• Simulate for many dynamical times 

• Monitor the energies of individual particles 

– measure  [Ej(t) – Ej(0)]2 



Example 

• Average changes of      
[E(t) – E(0)]2 
increase roughly 
linearly with time 

–  a random walk or 
a diffusive process 

• Slope  is a 
measure of the 
relaxation rate 

 



Different 
codes and 

models 

•  decreases roughly linearly with increasing N 

• Different codes yield almost the same relaxation 
rate – first noted by Hernquist & Barnes (1990) 

• Comparing the different density profiles is not easy 



2-body vs. 
collective effects 

• Noise excites oscillations of                                        
the system 
– neutrally stable modes that                                              

also scatter particles 

– coherent frequencies throughout this uniform model 

– amplitude decreases as N-1/2 – so  has same N-
dependence as collisional relaxation 

• Segregation of particles of differing mass 
– mass ratio 1:9 – each 20K 

– energy exchange can only be 2-body effect 



Relaxation in disks 

• Relaxation time in disk differs for four reasons 
as were mostly pointed out by Rybicki (1972) 

• First, stars in a disk all share a common 
streaming direction 



 



Real galaxy disks 

• Disks are neither razor-thin nor spherical 



 



Test with 2 species of particles (S13) 

• Averages over a broad swath of the disk 

• About 15 disk rotations, or 3 Gyr 

• Heavy particles (red) heat less rapidly than do 
light ones (green)  system not collisionless 



Much greater collective effects 

• Julian & Toomre (1966) 

 

 

 

 

 

 

• Distribution of particles in a disk becomes 
polarized by their mutual attraction 



Swing-
amplified 
shot noise 

• Toomre & Kalnajs (1991) – shearing patch, 
periodic box, mild radial damping term 

• Spiral streakiness in response to particle shot 
noise 

• Particles are scattered far more vigorously 



Conclusion 

• Collisionless simulations of disk galaxies need 
many millions of particles in the disk 

• A live halo would need a similar number 

• Grid-based codes are essential to evolve 
simulations of this size 

– people using tree codes will struggle to get many 
runs to explore parameters and check results 



Softened gravity 

• Newtonian potential of a unit point mass: 

                       P() = -G/ 
– would cause strong forces short range, requiring   

very short time steps 

– close encounters are unimportant in galaxies 

• So in simulations we weaken the attraction   
when     – the softening length 

• This has a minimal effect on the relaxation rate 
– ln(Re/bmin)  ln(Re/)  

– distant encounters contribute fully 

 



Insensitive to softening law 

• The exact functional form for softening is 
irrelevant since distant mass dominates 

• The function P() should yield 

a) Newton forces for    

b) an attraction  0 as   0 

c) have continuous 2nd derivatives everywhere 

• If the outcome of a 3D simulation is sensitive 
to the form of P, then the simulation is not 
collisionless 



Different for 2D 

• Need a softening function that weakens forces 
on all scales in 2D 

• Plummer law is ideal: 

             P() = -G / (2 + 2 )1/2 

• Yields the Newtonian potential in a plane 
offset vertically by distance  

• Approximate allowance for finite thickness 


