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Topics of the course

1) Background: What is MD (and what is it not), basics

2) Integrators for the equations of motion

Monday 23.10.

3) Time steps, initialization of simulations

4) Neighbour lists

Tuesday 24.10.

5) Classical force models

6)   –”–

Wednesday 25.10.

8) Electrostatics

7) Pressure and temperature controlThursday 26.10.

9) Quantum-mechanics and MD

10) Contemporary MD simulations

Friday 27.10.



Aim of the course

Familiarize you with the basic terminology and algorithms of 
the molecular dynamics method.

Give you some idea, which methods and techniques to start 
out with when initiating your own molecular dynamics 
simulation studies.

Present the possibilities (and limitations) of present-day 
molecular dynamics simulations.

The purpose of this five-day mini course is to



Why do computational modeling?

While experiments form the core of scientific research, all experimental 
methods have intrinsic and practical limitations in e.g. spatial and temporal 
resolution.

On the other hand, an analytical solution 
to given certain problem may be too 
difficult or impractical (cf. solution to the 
classical 3-body problem).

A third option is to use numerical applications of various theoretical models, 
such as computer simulations.

Such studies can give complementary information on the problem 
studied, essentially forming a bridge between theory and experiment.

Computer simulations may also have predictive power!



Modeling and experiments
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Time and length scales

Macroscale
• Time > 1 s
• Lengthscale > 1μ
• Phase field models, FEM

Nanoscale
• Time ~ 10–15 – 10-9 s
• Lengthscale ~ 0.1 - 10 nm
• Molecular dynamics, 

Monte Carlo

Subatomic scale
• Electronic structures
• Ab initio

Mesoscale
• Time ~ 10–8 – 10-2 s
• Lengthscale ~ 10-1000 nm
• DPD, coarse-graining
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Molecular dynamics

Molecular dynamics (MD): Model the motion of some group of particles 
(e.g., atoms) by solving the classical equations of motion.

Forces between different particles are derived 
from some analytical force model,

MD can give information on system dynamics in the 
atomic scale. It is probably the most widely used 
simulation method in condensed matter physics.

Equations of motion are solved with a finite 
difference algorithm,



Force models

The heart of any molecular dynamics scheme is the force model used to 
analytically describe the atomistic interactions.

Force models / potential functions / force fields / ...

Empirical form or based on QM approximations
Parametrized with ab initio or experimental data
Can be reactive (changes in chemical bonds) and polarizable

Force models are also the computationally most intensive parts of a molecular 
dynamics simulation code, taking up to 95% of the total simulation time. 

Regardless of the merits of the other algorithms in the simulation code 
(integrators, pressure and temperature controls etc.), whether or not your 
simulation produces realistic results depends ultimately on the force model.

[More of these on Wednesday...]



Why ’molecular’ dynamics?

Bernie Alder

The first molecular dynamics simulations were carried out by    
B.J. Alder and T.E. Wainwright, ”Phase transition for a hard-
sphere system”, J. Chem. Phys. 27 (1957) 1208.

Some years later the interaction of a set of Lennard-Jones molecules was 
studied, and the name ’molecular dynamics’ was coined.

However, the same techniques have also been applied, e.g.,  
in simulations of self-gravitating systems: planets, galaxies etc.

In this course, we’ll mainly focus on atomistic molecular dynamics simulations. 

Liquid Liquid + FCC FCC
Density



Regime of molecular dynamics

As with any computational method, in molecular dynamics one needs to find a 
good compromise between accuracy, scale of the system studied and (real) 
time used. 

Hence, it is difficult to state what is the maximum number of atoms, or length 
of simulation in contemporary molecular dynamics. 

Typically MD simulations feature 102 – 108 atoms, over times of 10 ps – 100 ns.

Example
Molecular mechanics force field simulation of a lipid membrane:

256 lipids (50 atoms each) + about 7000 H2O  
~ 34,000 atoms
Temperature and pressure control, 
electrostatic long-range interactions

Total simulation time 100 ns

~ 1 month on a new supercluster 
(4 processor parallel run)



”State-of-the-art”

Satellite Tobacco Mosaic Virus 
(STMV)

[Freddolino et al., Structure 14 (2006) 437]

60 identical copies of a single 
protein, and a 1063 nucleotide 
single stranded RNA genome 
~ 106 atoms 

Simulation time ~ 10 ns



”State-of-the-art” (2)

Ductile Failure of a Flawed 
FCC Solid Under Tension

http://www.almaden.ibm.com/st/computational_science/msmp/fractures/df/?df2

Billion atoms interacting 
through a Lennard-Jones 
potential.

Total simulation time 
200,000 time steps         
(~ 0.1 – 1 ns). 



Molecular dynamics algorithm

Set the initial conditions: ri (t0), vi (t0), ...

Update neighbour list

Get forces Fi(t)

Solve equations of motion over δt

Perform p, T control (ensembles)

t → t + δt

Calculate the desired physical quantities

t = tmax ? End simulation



Boundary Conditions

Our spatial scales are limited. What can we do?

Periodic boundaries                                             
the most widely used option

Simulations on a sphere

Mixed boundaries
for example, infinite in z, periodic in x and y

No boundaries
e.g. droplet of liquid, protein in vacuum;             
entails a formation of a surface on the system

Fixed boundaries                                                
totally unphysical, should be avoided; in principle we need a 
‘sacrificial region’ between the part of the system under 
study and a fixed boundary

fixed

‘sacrificial region’

system



Periodic boundary conditions

Particles crossing a boundary of the simulation 
cell emerge back from the opposite side.

The minimum image convention sets limitations on the interaction cut-off length
used in the simulations (more about this tomorrow).

Essentially we try to model an infinite 
(~macroscopic) amount of matter with a small, 
finite simulation cell. 

Minimum image convention                                    
Each particle interacts only once with a 
given particle; by the particle proper or its 
periodic image, which one ever is closer. 

if(periodicx) then ! Periodic boundary?    
if(x < -xsize/2.0) x = x + xsize ! Box from –xsize/2 
if(x > xsize/2.0) x = x – xsize  !        to xsize/2     

endif



Example: Aquaporin 

Tajkhorshid et al., Science 296 (2002) 525.

MD simulation of the transport 
of water through a cell 
membrane protein aquaporin.

~ 100 000 atoms

Simulation time 5 ns

Watch the trajectory of the 
water molecule highlighted 
in yellow



Example: Fullerene impact on a CNT

[Animation courtesy of Arkady Krasheninnikov]



Other traditional simulation methods

- Solve the Schrödinger equation
- Computationally very intensive
- Can be combined with the other

methods

Quantum-mechanical methods Stochastic simulations

- Use random numbers to generate
transitions in the system

- Computationally fast
- Timescale may not be well-defined

Monte Carlo
- Integrate over secondary properties
- Computationally fast
- Microscopic information lost

Coarse-grained models

- Brownian/Langevin dynamics
- Computationally fast
- No hydrodynamics
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