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Molecular Dynamics (MD) simu-
lations have developed as one of
the most powerful tools in modern
biochemistry over the last decades,
driven by advances in both method-
ology as well as computer hardware.
The remarkable thing about it is
that the underlying physical under-
standing is rather simple. This is a
summary of the simplifications made
and the capabilities that result from
them. Fig. 1 shows an overview.

Figure 1: Characteristic length-scales currently associated with varying
levels of description in biomolecular simulations. From [1].

1 quantum mechanics

Approaching it from the perspective of a physicist,
molecules are fundamentally described as quantum me-
chanical (QM) objects. Numerical solutions of QM systems
are widespread in the field, especially since coupled sys-
tems of N particles have no analytical way of solving them.
Applications include the study of interactions between
molecules and light [2]. Despite these quantum mechani-
cal simulations being able to deliver accurate results and
reflecting our deepest level of understanding, scaling up
these calculations to systems larger than a few dozen atoms
becomes infeasible quickly. For example, the wavefunction
of a system with N = 100 atoms, discretized on a three
dimensional grid with d = 1000 grid points per dimension,
already has a size of N · d3 = 1011. Since most sophisti-
cated methods for solving the time propagation involve
diagonalizing the Hamiltonian matrix (e.g. [3]), which is of
the appropriate size, the need for simplification is obvious.

2 ab initio md

In an attempt to preserve the quantum mechanical proper-
ties of the system, one moves to a semi-classical approach,
usually referred to as ab initio MD [4]. Here, the com-
monly used Born-Oppenheimer approximation serves as
a helpful framework for efficient simplification. Assuming
largely different timescales between electronic and nuclear
motion, we can separate the two dynamics. Now, the nuclei
are treated as classical particles that move in an effective
potential formed by the electrons, which depends on the
nuclear positions parametrically. The idea is to still derive
the shape of these potentials from a stationary quantum
problem, maintaining some level of quantum mechanical
accuracy. This stationary problem usually needs to be
solved for every set of parameters, i.e. nuclear configura-
tion, individually. A seemingly impossible task for large
systems.
However, recent applications of machine learning al-

gorithms to solve the electronic structure have shown
promising results [5, 6, 7], and are beginning to outperform
established methods based on density functional theory.

3 all atom md

The breakthrough in performance only comes when let-
ting go of the QM description and replacing the derived

potential energy surfaces by simple effective potentials Vij

that describe pairwise interactions between classical atoms
at positions ri. Examples include harmonic potentials,
Lennard-Jones potentials, or the Coulomb potential. With
this we finally arrived at what is usually referred to as
molecular dynamics simulations [8, 9, 10, 11]. It is worth it
here to pause for a second and acknowledge how simplistic
of an approach this seemingly is:

mir̈i = −
∑
j

∂

∂rij
Vij ; rij = rj − ri

The fact that it is still able to give us unprecedented in-
sights into the structures and workings of large molecules
and microbiological objects is a sign of the often underes-
timated value of simplicity and efficiency in science.
However, caution is necessary as there are limitations

to the method. For example, a molecule whose chemi-
cal bonds are modeled as harmonic potentials will never
exhibit bond breaking and therefore can not partake in
chemical reactions. Carefully crafted, effective descrip-
tions that faithfully capture the characteristics of lower
lying levels of understanding do not simply follow from the
fundamental principles. They are the result of their own
scientific process, which constantly has to be reiterated
and improved upon.

4 coarse grained md

The last step to fully unlocking the potential of MD simu-
lations lies in introducing a method of parallelization. In
these so-called coarse-grained simulations [12, 1], atoms
are combined into larger pseudo atoms, the interactions of
which again require a clever effective description.

5 applications

The power of these methods was recently demonstrated
in the extensive research efforts undertaken to tackle the
COVID-19 pandemic. MD simulations proved to be highly
valuable in understanding the chemical structure of the
SARS-CoV-2 viral capsid. The findings made are influenc-
ing our understanding of viral transmission, drug design
and immunisation. For more information, see references
[13, 14].
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[2] Andreas Fischer, Martin Gärttner, Philipp Cörlin, Alexander Sperl, Michael Schönwald, Tomoya Mizuno, Giuseppe
Sansone, Arne Senftleben, Joachim Ullrich, Bernold Feuerstein, Thomas Pfeifer, and Robert Moshammer. Molecular
wave-packet dynamics on laser-controlled transition states. Phys. Rev. A, 93:012507, 2016.

[3] Peter Schwendner, Frank Seyl, and Reinhard Schinke. Photodissociation of ar 2+ in strong laser fields. Chemical
physics, 217(2):233–247, 1997.

[4] Radu Iftimie, Peter Minary, and Mark Tuckerman. Ab initio molecular dynamics: Concepts, recent developments,
and future trends. Proceedings of the National Academy of Sciences of the United States of America, 102:6654–9,
2005.

[5] Keith T Butler, Daniel W Davies, Hugh Cartwright, Olexandr Isayev, and Aron Walsh. Machine learning for
molecular and materials science. Nature (London), 559(7715):547–555, 2018.

[6] Denghui Lu, Han Wang, Mohan Chen, Lin Lin, Roberto Car, Weinan E, Weile Jia, and Linfeng Zhang. 86 pflops
deep potential molecular dynamics simulation of 100 million atoms with ab initio accuracy. Computer Physics
Communications, 259:107624, 2021.

[7] James Kirkpatrick, Brendan McMorrow, David H. P. Turban, Alexander L. Gaunt, James S. Spencer, Alexander G.
D. G. Matthews, Annette Obika, Louis Thiry, Meire Fortunato, David Pfau, Lara Román Castellanos, Stig Petersen,
Alexander W. R. Nelson, Pushmeet Kohli, Paula Mori-Sánchez, Demis Hassabis, and Aron J. Cohen. Pushing the
frontiers of density functionals by solving the fractional electron problem. Science, 374(6573):1385–1389, 2021.

[8] Katharina Vollmayr-Lee. Introduction to molecular dynamics simulations. American Journal of Physics, 88(5):401–
422, 2020.

[9] Michael P. Allen, Norbert Attig, and Kurt Binder. Introduction to molecular dynamics simulation. In Computa-
tional Soft Matter: From Synthetic Polymers to Proteins, volume 23, pages 1–28, 2004.

[10] Ralf Schneider, Amit Raj Sharma, and Abha Rai. Introduction to Molecular Dynamics, pages 3–40. Springer
Berlin Heidelberg, Berlin, Heidelberg, 2008.

[11] Raudah Lazim, Donghyuk Suh, and Sun Choi. Advances in molecular dynamics simulations and enhanced
sampling methods for the study of protein systems. International journal of molecular sciences, 21(17):6339, 2020.

[12] Adam Liwo, Cezary Czaplewski, Adam K Sieradzan, Agnieszka G Lipska, Sergey A Samsonov, and Rajesh K
Murarka. Theory and practice of coarse-grained molecular dynamics of biologically important systems. Biomolecules
(Basel, Switzerland), 11(9):1347, 2021.

[13] Maxwell I Zimmerman, Justin R Porter, Michael D Ward, Sukrit Singh, Neha Vithani, Artur Meller, Upasana L
Mallimadugula, Catherine E Kuhn, Jonathan H Borowsky, Rafal P Wiewiora, Matthew F. D Hurley, Aoife M
Harbison, Carl A Fogarty, Joseph E Coffland, Elisa Fadda, Vincent A Voelz, John D Chodera, and Gregory R
Bowman. Sars-cov-2 simulations go exascale to predict dramatic spike opening and cryptic pockets across the
proteome. Nature chemistry, 13(7):651–659, 2021.

[14] Aditya K. Padhi, Soumya Lipsa Rath, and Timir Tripathi. Accelerating covid-19 research using molecular
dynamics simulation. The Journal of Physical Chemistry B, 125(32):9078–9091, 2021.


