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My research focuses on understanding the behaviour of and designing new methods to calculate

the electronic structure of molecules. In particular understanding where and why existing methods
fail tells us a lot about how to design new, better methods and algorithms. Below I list a number of
possible research directions. These potential projects should be suitable for students with a good set
of skills in theory and mathematics. A familiarity with computer programming would be especially
helpful.

The Electron Gas
The Uniform Electron Gas, consisting of interacting electrons balanced by a uniform background,
is an extremely simple yet rich source of information in chemistry, since the electron density in
molecules is a smoothly varying quantity which should share similar properties. The energy of the
electron gas has been largely regarded as a solved problem, and has become a staple component
within the density functionals popularly in use by computational chemists today. This prescription
is not sufficient, however, to accurately reproduce thermochemistry and has been supplemented with
empirical parameterization to achieve this.

Recently, there has been a striking new challenge

Figure 1: The wavefunction of 2 electrons on a
sphere1. The position of one electron has been
fixed at the black spot.

by Gill et al. to derive a new functional based on the
energies of finite spherical electron gases2. Such cases
are not limited to 2D, as the 3D electron gas may be
modelled as the finite hypersurface of a 4D hyper-
sphere. Such finite (but becoming extremely large)
electron gases are an ideal application for some of the
new Monte Carlo methods being developed in Cam-
bridge3;4, which are applicable where existing correla-
tion methods become intractable, and this project will
seek to investigate these systems and hopefully pro-
vide the data for parameterizing a new ab initio func-
tional, which may go some way to addressing the defi-
ciencies of the existing stock of functionals, and would
be invaluable among the computational community.

Do errors matter?
A number of very accurate methods in electronic structure for calculating energies produce estimates
with error bars on them3;4. Ideally one can run a calculation for longer to reduce the error bars to
an insignificant level, but is this really necessary? An unanswered question is what to do in systems
where the error bars are not insignificant. Given a molecular binding curve with associated random
error bars, how would this affect a calculated vibration frequency of a molecule? Can we use make
use of such noisy data to produce values with their own confidence intervals (error bars)? This project
will explore these issues and hopefully posit some solutions to these problems.
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Exploring Density Space
While chemists are used to thinking of electrons

Figure 2: The restricted Hartree-Fock energy
surface of H2. Blue lines indicate solutions.

in sets of molecular orbitals, the crucial parameter of
interest in molecules is in fact the electronic density.
Methods such as Hartree-Fock and Density Functional
Theory perform searches in the space of possible den-
sities to find the density with minimum energy which
defines ‘a solution’. In a simple system this can be
envisaged as searching for the valleys in an undulat-
ing energy surface. Despite some recent methods to
search for solutions on it5, Little is known, however,
about the nature of this energy surface — aside from
that it has many peaks and troughs, and each trough is
a potential electronic state. A conventional electronic
structure calculation might start at a good guess some-
where on this surface and descend to find its local min-
imum which may not be the correct global minimum.
This project will investigate the nature of this energy surface and its minima, seeking to understand
what physical significance they have.

The Thermodynamics of a Computer Simulation
Computer simulations have long been used to investigate thermodynamic problems such as simulat-
ing phase changes, and calculations of this sort are now relatively routine (though still challenging).
Often, however, difficult problems may be recast as a larger, but conceptually simpler problem. One
such example of this is in Quantum Monte Carlo, where the energies of systems such as molecules
are calculated from the evolution of ‘particles’ in imaginary time (each particle represents an instanta-
neous snapshot of the positions of all the electrons in such a system). The dynamics of these fictitious
particle may be thought of in terms of processes such as diffusion and branching (where one parti-
cle splits into two), and by allowing these particles to evolve, the energy of the system is recovered.
Having introduced fictitious particles, it is now possible for them to act as real particles would, and
undergo such phenomena as phase transitions (e.g. condensation from a gas-like state to a liquid-like
state), which can very much hinder the actual calculations which are to be performed. Very little is
known about these phenomena, but a recent paper6 has shown that they are observable, and indeed
fundamental to the behaviour of these calculations. This project will investigate these phenomena in
a method related to Quantum Monte Carlo, Stochastic Coupled Cluster Theory3 to derive an under-
standing of this phase transition behaviour and its effect on the efficiency of such Quantum Monte
Carlo methods.
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