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1. Introduction 

Molecular-dynamics simulation aims at describing the properties of an assembly of molecules 

in terms of their structure and the microscopic interactions between them. It is an extremely 

powerful numerical approach to describe many-body systems. Examples of molecular dynamics 

applications abound, for instance, biomolecular simulations, complex fluids including polymer 

models, liquid crystalls, all use variations of molecular dynamics. Each of these applications 

comes with its own set of issues.  

The model which can be simulated by MD describe atoms (or molecules, including very big ones 

as polymers, for example) as (soft or hard) spheres (beads), surrounded by solvent molecules. 

In the case of melts or solid crystals the solvent molecules are absent of course. The 

interactions between the beads themselves and between the beads and the solvent molecules 

are adjusted phenomenologically. Newton equations, defining a system of Ordinary Differential 

Equations (ODEs), are solved numerically. The simulation can be done at constant energy, or at 

constant temperature using statistical physics concepts. Boundary conditions can be reflexive 

(to model the containment of a vessel) or periodic to imitate an infinite system and reduce 

surface effects.  

2. Understanding the C Code  

Learning about molecular dynamics is best achieved by looking at an example. The code 

Nbody_basic_verlet-students.c provides such an example (two IMPORTANT parts of the code 

are just deleted – the first one which calculates forces, and the second one which implements 

Verlet algorithm). It solves Newton equations for N particles that interact via a two-body 



potential of finite range. The particles masses are allowed variability (this option is not used 

now). The two-body interaction potential is of Lennard-Jones type, (also referred to as the LJ 

potential, 6-12 potential, or 12-6 potential). The LJ potential is a mathematically simple model 

that approximates the interaction between a pair of neutral atoms or molecules. A form of the 

potential was first proposed in 1924 by John Lennard-Jones as  
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where r is the interparticle distance, the constants  and  define the geometry and strength of 

the interaction. These parameters can be fitted to reproduce experimental data or accurate 

quantum chemistry calculations. Due to its computational simplicity, the Lennard-Jones 

potential is used extensively in computer simulations even though more accurate potentials 

exist. In the simulational exercises we will perform MD simulations of a simple liquid of N LJ 

particles in 3D. The constants  and   are both set to 1 in the code. 

 

To compile and run the code: 

 

Option 1: WSL (RECOMMENDED) 

Windows subsystem for Linux (WSL). (Windows 10): 

This is the easiest and best option, since it allows to have a 100% working Ubuntu shell on your 

Windows 10 OS, but it will work only for Windows 10 (so for older distributions you have to go 

to the next Options). 

 

1. Enable Windows Subsystem for Linux. 

- Go to “Turn Windows features on or off” from the windows searcher menu or find it in 

Control Panel / Programs / Programs and Features / Turn Windows features on or off 

- Scroll down and enable the Windows Subsystem for Linux box. 

- Apply changes and restart. 

 

2. Install Ubuntu (or any other Linux distribution). 

- Go to the Microsoft Store and search Ubuntu. (A few options will be available, just Ubuntu 

option is ok). 

- Download package and install. 



- An Ubuntu terminal will appear with the installing message. After the installation process, the 

application will ask for a new user and password (Only the first time).  

- Choose username and password. This password will be required later for installing packages. 

 

3. Once Ubuntu is installed and you have created a user by following the automatic instructions 

on screen, run the following commands: 

- sudo apt-get update 

- sudo apt-get upgrade 

- sudo apt-get install build-essential 

 

TIP. For working with the Ubuntu terminal on your own windows directories, use: 

cd /mnt/c/users/’your windows user’/             (Follow this explanation for more details 

https://www.youtube.com/watch?v=1ap3hL-UR9I) 

 

4. Create a directory with your name. Enter in the directory from Ubuntu bash and run the 

following commands:   

 

- git clone  https://git.phys.tue.nl/livi/jmbc-course.git 

- cd jmbc-course/MD/src 

- gcc -O3 Nbody_basic_verlet_students.c    

 

Now the code is compiled and an executable file called "a.out" should be present. In order to 

run it just execute    

- ./a.out  

and the code will run. 

 

Option 2: Ubuntu on a Virtual Machine 

For older versions of Windows 10, you can choose running Ubuntu (or any other linux 

distribution) on a Virtual Machine (VM). (Also valid for Windows 10): 

- Follow the steps 1 and 2 from this tutorial (Skip step 3): 

https://eosio.github.io/vt-blockchain-bootcamp-starter/virtual-machine.html 

- Follow the steps 3 and 4 of Option 1 explained before. 

 

https://www.youtube.com/watch?v=1ap3hL-UR9I
https://git.phys.tue.nl/livi/jmbc-course.git
https://eosio.github.io/vt-blockchain-bootcamp-starter/virtual-machine.html


Option 3: IDE Code::Blocks 

Code::Blocks download 

Follow the next steps (or this step-by-step video tutorial:) 

https://www.youtube.com/watch?v=GWJqsmitR2I 

 

1. Download and install Code::Blocks 

- You can download the binaries of a recent version of the software from this link:  

https://www.codeblocks.org/downloads/binaries/  

- Select codeblocks-20.03mingw-setup.exe for 64 bits or codeblocks-20.03mingw-32bit-
setup.exe for 32 bits systems. Click on the Sourceforge.net or FoossHUB links to download the 
code. 

- Execute the downloaded file to start and follow the installation and keep the default settings. 

2. Create the path to the compiler. 

- Copy the path to the bin directory where CodeBlocks was installed in the previous step. By 
default it is: 

C:\Program Files\CodeBlocks\MinGW\bin        

- Create a new environment variable with the path of the compiler. Go to: Control Panel / 
System and Security / System / Advanced System Settings (on the left hand list) 

- The previous step will open a “System Properties” window, click on Environment Variables 
button. 

- Select the Path variable from the top menu and click on Edit … On the new window “Edit 
environment variable”, click on New and paste the path to the compiler copied before. Click on 
OK in all the open windows.  

3. Check if the compiler is recognized. 

- Open the cmd or Command Prompt application and write the following command. If you see 
the version of the gcc compiler in a message, it is correctly configured. 

gcc --version 

Now, you can open the Code::Blocks software and load, build, and run the C Code. 

Once you are done with all that, go ahead and click OK. You can restart Code::Blocks if you 
would like, just to confirm the changes will stick even if there is a crash. 

https://www.youtube.com/watch?v=GWJqsmitR2I
https://www.codeblocks.org/downloads/binaries/


Now, you should be all set. Go ahead and try your C code. Try building and running it and see 
what happens. It should run successfully. 

 

 For exercises 1-7 below find the relevant place in the code, explain your findings 

 

Exercise 1:  

Find where the model parameters, in particular the masses of the particles, are set. The 

masses could be randomly distributed with a Gaussian profile centered on a mass of 1 

scaled unit. They all are set to unity now. 

 

Exercise 2:  

a) The initial positions of the particles are set on a compact cubic lattice with cell 

spacing of 1.2 units (i.e., in units of σ). This choice is reasonable given that the strong 

short distance repulsion of the potential should be avoided. Why? 

b) By calculating the first derivative of the LJ potential connect this initial distance 

between the particles and the position of the minimum of LJ potential. Plot the LJ 

potential as a function of a dimensionless distance r. What is the minimum of the LJ 

potential? What are the asymptotes for r=0 and r→∞? 

 

Exercise 3:  

a) Calculate the characteristic unit of time for the LJ liquid having mass m, distance  

and energy   as basic units. What is the physical meaning of this time? 

b) Calculate the unit of temperature and pressure for the simulated LJ liquid. 

c) The initial velocities of the particles are set at random (uniform distribution) in the 

interval [-1,1] in some dimensionless units. What are these dimensionless units? 

 

Exercise 4:  

The center of mass of the simulated system is forced to be stationary by imposing its 

momentum to be zero.  Express the velocity of the center of mass through the velocities 

of N individual particles with masses mi. Find where this is implemented in the code. 

 

Exercise 5:  



a) Newton equations are based on the two-body LJ interactions, Eq.1, and the particle 

mass. The system of ODEs that follows is of dimension 6N (x, y, z, and vx, vy, vz for 

each particle). Calculate the (vectorial) force 𝑓𝑓acting on the LJ particle with a radius-

vector 𝑟𝑟 = (𝑥𝑥,𝑦𝑦, 𝑧𝑧) using the definition of the force, 𝑓𝑓=-∇𝑢𝑢𝐿𝐿𝐿𝐿. The relevant part of 

the code is deleted, as you probably have noticed already.  

b) Note that the calculation of pair forces normally is the most expensive part of the 

code. Why? How many pair interactions one has to calculate for a system of N 

interacting LJ particles? 

c) Find where this scheme should be implemented in the code, and program it. How do 

the simulation results look like before this is implemented? 

 

Exercise 6:  

The basic Verlet ODE integration scheme is used to solve the 

ODEs in order to maintain the total energy. The relevant part of 

the code is deleted, as you probably have noticed already. Find 

where this scheme should be implemented in the code, and 

program it. How do the simulation results look like before this is 

implemented? 

Exercise 7: Periodic Boundary Conditions and minimum image convention 

a)  Some particles in the simulations for N>2 may take off. They will boil-off following a 

close encounter (collision) with other particles through a boomerang effect. For 

instance, molecular-dynamics simulations of proteins will lead to an explosion of the 

molecules unless the relative amino acids positions are constrained externally or 

water molecules are included. Boundary conditions can also constrain the particles 

in a finite volume. Reflexive surfaces model a confinement vessel. This approach 

should be used in gas models where the pressure needs to be calculated. Periodic 

Boundary Conditions (PBC) model an infinite system via a finite volume. This can be 

achieved in the present code by a cell tiling of the space while including one cell 

(outlined by a thicker line in the figure above) in the calculation. When a molecule 

escapes through a face of the basic cell, its mirror molecule reappears on the 

opposite face with the same velocity. This model is equivalent to a basic cell 

surrounded by image cells. Think and explain how to implement this idea in a code. 



b) How many periodic images (which touch the basic cell) does the basic cell have in 

3D? 

c) Minimum image convention. Consider how we would calculate the force on a 

separate molecule (or atom), or those contributions to the potential energy 

involving this molecule, assuming pairwise additivity. We must include interactions 

between this molecule and every other molecule i in the simulation cell (box). There 

are N-1 terms in this sum. However, in principle, we must also include all 

interactions between the molecule and its images lying in all the surrounding boxes. 

This is a sum of an infinite number of terms, and of course it is impossible to 

calculate this sum in practice. Consider the following approximation: molecule A is 

located at the center of a region that has the same size and shape as the basic 

simulation box. Molecule A is now supposed to interact only with the molecules 

whose centers lie within this region, that is with the closest periodic images of the 

other N-1 molecules. This is called the ‘minimum image convention’. How do we 

handle periodic boundaries and the minimum image convention in a simulation 

program? Let us assume that, initially, the N molecules lie within a cubic box of side 

L. When a molecule leaves the box by crossing one of the boundaries, it is usual to 

switch attention to the image molecule entering the box, by adding or subtracting L 

from the appropriate coordinate. One simple way to do this is to use the following 

FORTRAN statement: RIJ=RIJ-BOX*ANINT(RIJ/BOX), where RIJ is the distance 

between two particles and BOX is the box length. Think how to implement the 

periodic boundary conditions and the minimum image convention in your C code. 

 

3. Performing MD simulations 

 

 For exercises 1-9 below do the simulations and explain your findings 

Problem 1:  

Run the code for N=2. Plot the trajectories (x,y,z coordinates of each particle as a 

function of time). Plot the kinetic, potential, and total energy versus time. Note the 

(slight lack of) constancy of the latter.  

 

Problem 2:  



Run the code for N=3. Plot the trajectories, the kinetic, potential, and total energy 

versus time. Note the (slight lack of) constancy of the latter. The trajectory definitely 

looks different than for N=2. Poincare said that N-body systems with N>3 are non-

integrable (chaotic).  

 

Problem 3:  

Repeat for N=4,5,6. Careful - the trajectory recording file can become extremely large!  

 

Problem 4:  

Replace the ODE solver in a code by a velocity Verlet scheme. 

 

Problem 5:  

Run the new code for N=2 and N=3. For the latter compare the trajectories and the 

energies K(t) and U(t) calculated by this more accurate code and the original one. 

 

Problem 6:  

Compute the averages of the kinetic energy and potential energy (beyond some 

transient times), say over t=[5-15]. Do that for the original code and the improved code. 

The expected values (time averages) of global variables should be mostly independent 

of the details of the results, thereby illustrating the validity of statistical physics.  

 

Problem 7:  

 Implement the Periodic Boundary Conditions and minimum image convention in the 

improved code. 

 

Problem 8:  

Run the code for a larger value of N for which particles can leave the basic cell. Plot 

trajectories of some (suspicious) particles as a check.  

 

Problem 9: Visualization. Think how to visualize the motion of individual particles. 

 

4. Master exercises 

 



 Do the Master exercises 1 and 2 below and explain your findings 

 

Master Exercise 1: 

Implement the potential cutoff procedure 

in the MD code. The largest contribution to the 

potential and forces comes from neighbours close 

to the molecule of interest, and for short-range 

forces we normally apply a spherical cutoff. This 

means setting the pair potential v(r) to zero for 

crr ≥ , where rc  is the cutoff distance. The introduction of a spherical cutoff should be a small 

perturbation, and the cutoff distance should be sufficiently large to ensure this. 

 

a)In this exercise you have to modify the Lennard-Jones potential, and ignore its attractive 

tail, 
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The force corresponding to v(r) is, as usual, ( )v r= −∇F
 

, provided that ij cr r< , and zero 

otherwise. Program these modifications in the code. 

b) 

Modify the LOOP over particle pairs when calculating the force. Do these calculations only for 

particles within the cut-off distance! 

c) 

Check the speed-up of the code. 

 

Master Exercise 2. Velocity autocorrelation function. 



You will calculate the autocorrelation function of the particle velocities, Vaf( t∆ )= 

( ) ( )1 1v t v t t⋅ + ∆
  , where 1t  and 1t t+ ∆  are the moments at which the velocities are measured. 

The Vaf function tells us the time interval over which a correlation in the two values of velocities 

separated by some time interval ∆t  exists. The autocorrelation function can be, in a general 

case, calculated as τ τ
→∞
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 for r=0, 1, 2, 3,…N.  

What does this mean practically? For a particular rΔt multiply the function v(rΔt) by the 

function v(t+rΔt). Then do it again and again. For each term you have to slide the data over by a 

time step of Δt (i.e. beginning at a new time origin) and multiply all the terms. For the 

autocorrelation function there is only time history of data. We do this to find out how long the 

data are correlated for. The final result is usually plotted as a function of time, or a function of 

the log time. 

a) What is the connection with the average temperature in the system and the value of 

Vaf(t=0)? Explain the result. 

b) Case of no interactions. If the atoms in the system do not interact with each other, the 

Newton’s Laws of motion tell us that the atom would retain the initial velocity for all time. 

What will be the shape of the Vaf function? Is it possible to have such a scenario in present 

simulations? At which densities and temperatures? 

c) Case of some interactions. In this case we expect the scalar product v(t)v(t+dt) to decrease 

on average, the velocity decorrelates with time, i.e. it forgets its initial velocity. What will be the 

shape of the Vaf function in this case? Is it possible to have such a scenario in present 

simulations? At which densities and temperatures? 

c) In 1970 Alder and Wainwright published a paper (Phys. Rev. A1, 18 (1970)) in which they 

demonstrated the breakdown of the famous Boltzmann "Molecular chaos" assumption. It 

states that the collisions experienced by a molecule in a fluid are uncorrelated. One 

consequence is that the velocity of a molecule v(t) at time t becomes rapidly uncorrelated from 

its earlier velocity v(0) at time 0, more precisely, the velocity autocorrelation function will 

follow a rapid exponential decay to zero. What Alder and Wainwright demonstrated is that the 

long time decay of the velocity autocorrelation function is much slower than exponential, 



namely algebraic, ~tα. From that time it is known as the "long-time tail" problem. Your task is 

to estimate this exponent α in 3D. Can you come with the theoretical explanation of this result? 


