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Why use computers?
The N body problem



Hubble deep field



Webb field – 50,000 galaxies















Latte simulation 

M31, Andromeda



“Dynamical range”

The range of  scales that are important. In 
cosmology its enormous for example

Object Scale 
(m)

Scale 
(Mpc)

Black hole 1010 1e-12

Interstellar 
distances

1016 1e-8

Small 
galaxies

1020 0.01

Milky Way 
halo

1021 0.1

Local Group 
distances

1022 1

Cluster 1023 10

Large-scale 
structures

1024 100



Multi body gravitational dynamics

Complex (but tractable) problem!



















Historical review



The first paper suggesting simulations of  gravity
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The first paper suggesting simulations of  gravity



“Initial conditions”

“Gravity solver”



Light “dilution” is the same as gravity ie  ~ r^-2
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a1=F1 / m1 
Δx1 =a1 (Δt)2

a2=F2 / m2 
Δx2 =a2 (Δt)2

…

aN=FN / mN 
ΔxN =aN (Δt)2

a1=F1 / m1 
Δx1 =v1 Δt + a1 (Δt)2

a2=F2 / m2 
Δx2 = v2 Δt + a2 (Δt)2

…

aN=FN / mN 
ΔxN = vN Δt + aN (Δt)2
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High accelerations

Low acceleration
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High accelerations

Time step should be small

Low acceleration

Time step can be longer
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High accelerations

Time step should be small

Low acceleration

Time step can be longer

Epsilon – softening
Alpha – “tolerance” paramter





Particle r Force acceleratio
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Velocity displacement
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Particle r Force acceleratio
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Velocity displacement
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F(t)



Error is thus a feature of  numerical integration











The leapfrog scheme derives its name 
from the way it updates positions and 
velocities at staggered (or "leaping") 
time steps. Instead of  updating both 
position and velocity at the same time, 
it updates them at alternating half-
steps.



Approximate the solution at discrete time steps tn = n * dt

Velocity Half-Step:
v(t + dt/2) = v(t) + a(x(t)) * (dt/2)
Updates the velocity to the midpoint of  the next time interval.

Position : dx/dt = v(t) 
Velocity : dv/dt = a(x(t)) 
(acceleration is a function of  
gravitational force)
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Approximate the solution at discrete time steps tn = n * dt

Velocity Half-Step:
v(t + dt/2) = v(t) + a(x(t)) * (dt/2)
Updates the velocity to the midpoint of  the next time interval.

Position Full-Step:
x(t + dt) = x(t) + v(t + dt/2) * dt
Updates the position using the velocity at the midpoint.

Velocity Half-Step (Completion):
v(t + dt) = v(t + dt/2) + a(x(t + dt)) * (dt/2)
Completes the velocity update to the end of  the time interval.

Position : dx/dt = v(t) 
Velocity : dv/dt = a(x(t)) 
(acceleration is a function of  
gravitational force)



















































“hierarchical structure formation”























































The “missing satellite problem”















How do we set up the initial conditions?



































































































There are different types of cosmological simulations
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There are different types of cosmological simulations

Stand alone

“ideal”

+ Box is finite, not 
periodic

+ different types of  
particles (N-body, gas, 
starts, Black holes)

+ used for simulating 
mergers, interactions, 
secular evolution 

+ usually only few 
objects with high 
resolution

Cosmological Zoom-in



There are different types of cosmological simulations

Stand alone

“ideal”

+ Box is finite, not 
periodic

+ different types of  
particles (N-body, gas, 
starts, Black holes)

+ used for simulating 
mergers, interactions, 
secular evolution
 
+ usually only few 
objects with high 
resolution

Cosmological Zoom-in



There are different types of cosmological simulations
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Cosmological

N body and/or fluid

+ Box is periodic

+ different types of  
particles (N-body, gas, 
starts, Black holes)

+ used for simulating 
the formation of  the 
large scale structure

+ used to simulate 
large statistical 
samples of  objects 

Zoom-in



There are different types of cosmological simulations

Stand alone

“ideal”

+ Box is finite, not periodic

+ different types of  particles 
(N-body, gas, starts, Black 
holes)
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interactions, secular evolution 
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with high resolution
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Zoom-in

N body and/or fluid

+box is periodic

+ different types of  
particles (N-body, gas, 
starts, Black holes)

+ used for simulating 
one or two objects at 
HIGH RES within 
the large scale 
structure
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+ different types of  particles 
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Cosmological

N body and/or fluid

+ Box is periodic

+ different types of  particles 
(N-body, gas, starts, Black 
holes)

+ used for simulating the 
formation of  the large scale 
structure

+ used to simulate large 
statistical samples of  objects 

Zoom-in

N body and/or fluid

+box is periodic

+ different types of  
particles (N-body, gas, 
starts, Black holes)

+ used for simulating 
one or two objects at 
HIGH RES within 
the large scale 
structure



“zoom” initial conditions for high 
Resolution simulations

























































































































































































































































When a halo finder is run on a simulation you will typically get a “halo catalogue”
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