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Abstract Efficient methodologies to conduct simultaneous
dynamics of electrons and nuclei are discussed. Particularly,
attention is directed to a recent development that combines
quantum dynamics with ab initio molecular dynamics. The
two components of the methodology, namely, quantum
dynamics and ab initio molecular dynamics, are harnessed to-
gether using a time-dependent self-consistent field-like cou-
pling procedure. An approach to conduct quantum dynamics
using an accurate banded, sparse and Toeplitz representation
for the discrete free propagator is highlighted with suitable
review of other related approaches. One notable feature of
the method is that all important quantum dynamical effects
including zero-point effects, tunneling as well as over-barrier
reflections are accurately treated. Computational methodol-
ogies for improved efficiency of the quantum dynamics are
also discussed. There exists a number of ways to carry out
simultaneous ab initio molecular dynamics (such as Born—
Oppenheimer dynamics and extended Lagrangian dynam-
ics, Car—Parrinello dynamics being a prime example of the
latter); our prime focus remains on atom-centered density-
matrix propagation and Born—Oppenheimer dynamics. The
electronic degrees of freedom are handled at accurate levels
of density functional theory, using hybrid or gradient cor-
rected approximations. Benchmark calculations are provided
for a prototypical proton transfer system. Future generaliza-
tions and goals are discussed.

1 Introduction

The time-dependent Schrodinger equation is the starting point
for many computational methodologies in gas-phase [1] and
condensed-phase quantum dynamics [2]. Commonly, the
Born—Oppenheimer approximation is invoked which allows
propagation of nuclei, quantum-mechanically [1,3-26],
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classically [27-31], or semi-classically [32—43] on fitted elec-
tronic surfaces or on “on-the-fly” [27-32,44-46] approxima-
tions to the same. For cases where fitted electronic surfaces
are used, the required number of quantum chemical calcula-
tions to obtain a faithful representation of the surface can be
very large depending upon the size of the system. It is in this
regard that “on-the-fly” approaches to dynamics of nuclei
and electrons [27-32,44-46] have recently become popu-
lar, leading to the sub-field of ab initio molecular dynamics
(AIMD). The potential energy surfaces in both approaches
may either be obtained from highly accurate, but demanding,
electronic structure calculations or from parameterizations of
the associated surfaces.

It should be noted that “on-the-fly” approaches to elec-
tron-nuclear dynamics are nearly as old as quantum mechan-
ics itself (see for example Refs. [47,48] for a description
of the Dirac—Frenkel time-dependent variational principle,
which constitutes a formally exact “on-the-fly” dynamics
scheme). More recently, many novel approaches to “on-the-
fly” AIMD have been developed. Here, an approximation
to the electronic wavefunction is propagated along with the
nuclear degrees of freedom to simulate dynamics on the
Born—Oppenheimer surface. If the nuclei are treated clas-
sically [29-31,44,45,49] then the forces on the nuclei are
determined from the electronic structure. Perhaps all of
these approaches can be broadly categorized into: (a) Born—
Oppenheimer dynamics (BOMD) approaches, where the elec-
tronic structure is converged self-consistently, or (b) extended
Lagrangian approaches [50,51], where an approximation to
the electronic structure is propagated through an adjustment
of the relative time scales of electrons and nuclei. The Car—
Parrinello method [29,45,49] is a well-known example of the
latter approach. The AIMD approaches when combined with
full quantum or semiclassical dynamics schemes, has the po-
tential to treat large problems accurately with the complete
machinery of quantum dynamics. Several steps have been
taken in this direction [32,52-55].

Our group [55-57] has recently developed a new ap-
proach that attempts to overcome some bottlenecks in this
area. Our method combines full quantum-wave-packet




































