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Lay Summary

The best description we have for the way the universe behaves at the smallest level
is given by quantum dynamics, which describes how packets of energy interact with
their surroundings. Though much-celebrated, the equations governing the dances of
the atoms are too difficult to solve exactly. However, we can use computer simulation
to find approximations to the evolution of a system of particles in time, by assuming
their motions are classical (like snooker balls) and by moving the system by successive
small jumps forward in time. This procedure is known as molecular dynamics (MD).

We can use MD simulations to answer many questions about a system’s behaviour.
For instance, if we wish to know the likelihood of a group of atoms being arranged in a
certain way in a random sample (e.g., a knotted state of a biomolecule like DNA), we
can perform a long simulation and measure how much time it spends in that particular
configuration. If we assume that our simulation is long enough to be representative,
then we can work out an approximate probability for the system to be found in that
configuration.

Additionally, in simulation, we may add a small random force to the equations
governing every atom’s movement, approximating the effects of a collection of particles
outwith our system of interest, while simultaneously modelling the transfer of heat from
the modelled system to its environment. Such a “heat bath” maintains the system
temperature, exchanging energy just as if it were immersed in a solvent (such as blood,
for biological systems). The challenge then is to design appropriate time-stepping
methods which mimic the physical behaviour of the atoms in the presence of the random
heat bath.

Many algorithms are available to evolve the MD simulation in time. This thesis
is concerned with studying the effect that the choice of algorithm has on the errors
introduced in the averages computed from the overall simulation. We draw on previous
techniques for studying algorithms in a constant-energy setting (without the random
heat bath), to develop a new framework for categorizing methods in the more general
stochastic setting. We implement the new methods in state-of-the-art software, and
compare them using an MD simulation of a biomolecule.
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Abstract

Molecular dynamics (MD) computations aim to simulate materials at the atomic level
by approximating molecular interactions classically, relying on the Born-Oppenheimer
approximation and semi-empirical potential energy functions as an alternative to solv-
ing the difficult time-dependent Schrédinger equation. An approximate solution is
obtained by discretization in time, with an appropriate algorithm used to advance the
state of the system between successive timesteps. Modern MD simulations simulate
complex systems with as many as a trillion individual atoms in three spatial dimen-
sions.

Many applications use MD to compute ensemble averages of molecular systems at
constant temperature. Langevin dynamics approximates the effects of weakly coupling
an external energy reservoir to a system of interest, by adding the stochastic Ornstein-
Uhlenbeck process to the system momenta, where the resulting trajectories are ergodic
with respect to the canonical (Boltzmann-Gibbs) distribution. By solving the resulting
stochastic differential equations (SDEs), we can compute trajectories that sample the
accessible states of a system at a constant temperature by evolving the dynamics in
time. The complexity of the classical potential energy function requires the use of
efficient discretization schemes to evolve the dynamics.

In this thesis we provide a systematic evaluation of splitting-based methods for
the integration of Langevin dynamics. We focus on the weak properties of methods
for configurational sampling in MD, given as the accuracy of averages computed via
numerical discretization. Our emphasis is on the application of discretization algorithms
to high performance computing (HPC) simulations of a wide variety of phenomena,
where configurational sampling is the goal.

Our first contribution is to give a framework for the analysis of stochastic split-
ting methods in the spirit of backward error analysis, which provides, in certain cases,
explicit formulae required to correct the errors in observed averages. A second contribu-
tion of this thesis is the investigation of the performance of schemes in the overdamped
limit of Langevin dynamics (Brownian or Smoluchowski dynamics), showing the in-
consistency of some numerical schemes in this limit. A new method is given that is
second-order accurate (in law) but requires only one force evaluation per timestep.

Finally we compare the performance of our derived schemes against those in com-
mon use in MD codes, by comparing the observed errors introduced by each algorithm
when sampling a solvated alanine dipeptide molecule, based on our implementation of
the schemes in state-of-the-art molecular simulation software. One scheme is found to
give exceptional results for the computed averages of functions purely of position.
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Chapter 1

Introduction

Molecular dynamics (MD) is a technique for probing the behaviour of aggregations

of matter using computer simulation. The form of the aggregation is dependent on
the discipline under study, but in general we imagine a collection of individual atoms,
represented by point masses, whose instantaneous positions and momenta are stored
to high accuracy in a machine. This disregard for the uncertainty principle may be
concerning, but one can rest assured that we will in fact disregard almost all quantum
effects equally.

Our best understanding of how molecular systems evolve and interact at the atomic

level is given by quantum mechanics and the time-dependent Schrodinger equation

0

zha‘ll =HY,
for Planck’s constant A, imaginary unit ¢ and with the system’s global wavefunction (or
instantaneous state function) ¥ and Hamiltonian operator H. The state VU is a function
of the positions of all of the electrons and atomic nuclei in the system, as well as time.
In practice, the analytic solution to this partial differential equation (PDE) is known
only for a smattering of small, isolated cases. Numerical treatment of the problem
is also overwhelmed by the high dimensionality of the space in which the equation is
posed.

If we wish to predict or interpret the changes in a large molecular system over time,

outside of special cases where significant reduction is possible, the Schrodinger equation



as it stands is simply too complex an object for us to tackle.

We instead gain traction in the problem by making the Born-Oppenheimer ap-
proximation. We first assume that we can treat atomic and electronic motions as
independent, owing to the enormous difference in mass between a proton and electron.
Second, we abandon any computations involving the individual electrons, in favour of
approximating their influence with a potential energy function. The movement of atoms
becomes classical-moving in space according to Newton’s equations of motion, like bil-
liard balls on a pool table. Quite unlike billiard balls however, forces felt are not due
to elastic collisions between particles (the atoms have no physical radius), but instead
come from traversing a potential energy landscape derived either from the electronic
part of the Schrodinger equation, or fitted from experimental data (or even chosen for
computational efficiency as in the case of the Lennard Jones potential). Internuclear
interaction within the model is derived from the potential energy itself: states with a
lower potential energy are favoured and higher potential energy regions (such as nuclei
being in very close proximity) are shunned.

For large systems, the colossal number of intramolecular force terms gives an ex-
tremely complex potential energy landscape, with a very large number of metastable
minima. Therefore it is no surprise that if we are interested in the system’s evolution
between two states (or regions in the phase space), we may have to wait for a long time
to observe this change just by evolving the equations of motion.

As we have assumed the system’s behaviour is classical, its behaviour in time is
governed by Newton’s second law, just as the celestial motion of planets and stars. The
evolution is wholly described by a set of ordinary differential equations (ODEs), though
in general we still cannot solve the equations analytically the underlying structure
of the ODEs makes them considerably more amenable to numerical treatment than
the original Schrodinger equation. The positions of all of the atoms ¢, along with
their momenta p, is assumed to be known exactly and stored in a computer. Solution
trajectories are approximated by computing the total forces on all atoms at any one
instant, giving the atoms a kick in the direction of its force, and then allowing all the
atoms to drift for a small step in time. Assuming the time steps are chosen small
enough (typically of the order of a femtosecond: 107'°s), the results of these MD
simulations yield a good approximation to the dances of the individual atoms, and
allow the simulator to elucidate the behaviour of the system under study.

The dominant computational cost in the simulation is in the force calculation (re-
quired at every step), although this is ironically the mathematician’s biggest asset when
studying molecular dynamics methods. It grants a license to devise all manner of al-
gorithms for evolving the dynamics, as the only cost that matters in simulation is the
evaluation of the instantaneous forces.

The dramatic increase in available scientific computer power after World War 11
made molecular dynamics simulations accessible and practical for many material scien-

tists, with the first studies probing the behaviour of small clusters of particles (modelled
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as hard spheres) using computers based at Los Alamos [2] 3, [84], 128]. Computer sim-
ulation of more realistic models (using more complicated potential energy functions)
followed swiftly [46]. Whereas Rahman’s original trailblazing experiment [96] used
864 atoms (with each timestep taking around 45 seconds), the scope of modern MD
is considerably more vast, employing many billions [61] or even a trillion particles
[45] in simulations. Molecular dynamics simulations are prevalent in biology, chemical
physics, material science, engineering and a plethora of other scientific disciplines. It is
frequently used as a tool to test new theories in place of physical experiments (describ-
ing the computer simulations as numerical experiments) which would otherwise be too
costly or impermissible due to the constraints of realizing it in a lab (for example appli-
cations of extreme temperature or pressure). By contrast to physical experiments, the
limits on numerical experiments are proportional to the computer hardware available.

Such limits restrict the amount of data we can reasonably store, and hence the
size of systems (in terms of the dimensionality or number of atoms) we can tackle in
a numerical experiment. The speed and architecture of the computer will decide how
many time steps we can take, and hence dictate the time interval we can observe, as
we cannot push the timestep beyond certain limits without risking instability in our
propagation algorithm.

Molecular dynamics has surfed the wave of computer revolution for the past decades,
enabling larger and more complex simulations to be run with upgraded hardware
and little change in algorithms and approaches [24, 53]. The relation between pro-
cessor speed and power consumption (with Dennard’s scaling law) puts paid to this

philosophy—current machine architectures have hit fundamental physical constraints,



meaning computers do not get faster, only more numerous [34].

This presents a problem for molecular dynamics. The most computationally expen-
sive part of the simulation is (and has always been) the calculation of the forces between
the atoms at any instant. While these forces are well suited to parallel computation,
the simulation itself is sequential and temporally contiguous: all atoms must be moved
together [23, 92, [95]. This results in repeated reduction operations, forcing data to be
shunted between physical parts of the computer, which itself gives rise to latency issues
slowing simulation. Parallelism can offer gains, but it is no magic bullet.

Breakthroughs in the field are unlikely to come from advancing technical specifica-
tions of hardware, but instead new algorithms (tuned to particular applications) are the
driving force behind the progress in efficient numerical simulation. Currently, many of
the algorithms in general use for generating system trajectories have changed very little
since early numerical work. The Verlet algorithm, ubiquitous in modern MD codes,
can be traced back to geometrical ideas in Newton’s original Principia Mathematica
(see the discussion in [48, Section 1.2.1]).

While the use of MD has always been guided by the utility and practical nature of
simulations, in the late 1960s many began to question the usefulness and futility of at-
tempting to approximate atomic trajectories for realistic applications [40]. The chaotic
nature of high dimensional systems means that trajectories that start close together
diverge exponentially fast in time, so small errors in the trajectory (introduced from the
very first step of an algorithm) will compound to render our simulation inaccurate very
quickly. As a result, the conservation of the total system energy is destroyed. Wnergies
reported in simulation exhibit oscillations or drift, which threatens the veracity of the
simulation itself [33 [40], 127].

A revolution came in 1983 after pioneering work by Ruth [I01] introduced the no-
tion of geometric integration and symplecticness first present in work by de Vogelaere
[26]. Subsequent work by Channell [2I], Menyuk [83], Suris [113] and Feng [36, 37, 38],
followed by work in physics and numerical analysis, laid the groundwork for algorithms
that preserve a nearby energy function exactly, and hence maintain the desired quali-
tative (geometrical) qualities of the original system under study.

But are maintaining these qualitative properties the key? While beneficial, far more
useful would be the ability to relate simulation data to quantitative results pertaining
to the molecular models being studied. However, as we are evolving a chaotic system
in time, we expect that each successive point of the approximated trajectory will be
further away from the true trajectory than the previous point. This leads to a change
of perspective about our MD simulations: rather than attempting to approximate the
exact motion in time, we instead view our trajectory as a representative sample of the
average behaviour of the system (or a system with energy function very close to the
one we are interested in).

The challenge is then to accurately recover these averages from computed trajecto-

ries, and correct any errors we have introduced through our imperfect evolution of the



system.

Our motivation in this thesis will be to develop new algorithms for computing
canonical (constant temperature) averages in molecular dynamics. Given some system
we are interested in, we imagine immersing it in a large heat bath at some fixed tem-
perature. The heat bath interacts with the target system of interest, equilibrating it
to a matching temperature. For many applications this is a more realistic setting for
simulation than considering the system sealed off in a vacuum with constant energy.

Simulating the heat bath itself presents a wealth of problems. We can choose to
simulate a large number of particles outwith our target system, and imbue an interaction
potential between them to facilitate energy exchange. Of course, the computational cost
of the simulation balloons as the large number of additional particles introduced causes
the evaluation of the interatomic forces to become significantly more expensive. Ideally
we would prefer to approximate the heat bath particle’s interactions, as we are really
only interested in the behaviour of the target system (which will be dimensionally
much smaller). A common strategy is to omit the heat bath completely from the
simulation, and instead approximate its interaction through the use of an auxiliary
device requiring a significantly smaller dimensional footprint, alleviating the volume of
computation required per timestep.

There are many forms of auxiliary device that can be shown to perturb the evolution
of the atoms so that computing an average along the simulation trajectory (such as the
average total potential energy) will give the same answer as if we sampled the system
while it was in equilibrium with the heat bath. The methods we shall be considering for
canonical (constant temperature) sampling will be dynamics-based, perturbing New-
ton’s constant-energy equations in a manner consistent with the approximation of the
heat bath interactions. For obvious reasons, the dynamical equations that give com-
mensurate sampling to constant-temperature simulations are called thermostats. They
can be implemented deterministically, but in general it is more reliable to introduce a
stochastic perturbation, transforming the ODEs into stochastic differential equations
(SDEs). The resulting SDEs will be just as insoluble as in the deterministic case,

We will be primarily motivated by applications in biomolecular modelling that
involve the spectrum of complex nonlinear characteristics (such as long-ranged forces,
steep potentials and stiff harmonic components). However, the molecular dynamics
techniques we develop will be no less helpful for other examples. We shall think of our
system of interest as being a collection of atoms modelling a protein, with a scientist
seeking to calculate average values of some function of the position or momentum
of the system (such function we will call observables, for example the total kinetic
energy). Additionally the system often includes a soup of atoms surrounding the protein
(typically water molecules), replicating the agitating effects of the blood or solvent.

This thesis offers a new strategy for the development and analysis of numerical
methods for the stochastic differential equations that appear in molecular dynamics

thermostats. The focus will be on observed long-time averages computed from trajec-



tory data obtained through the numerical schemes. Wherever possible we will supple-
ment theory with numerical examples demonstrating the results for model problems.

Chapter 2 presents our notation and reviews necessary background for the analysis
of deterministic numerical methods. The concepts of symplecticness and geometric
integration will be introduced, before turning to statistical mechanics and ergodicity.
We develop the ideas behind using trajectories to sample an ensemble corresponding to a
particular distribution, leading to a change of perspective on the goals of the simulation.
The use of thermostats to sample a system at constant temperature is discussed, while
a lack of ergodicity is demonstrated (at reasonable parameter choices) for the popular
deterministic Nosé-Hoover chains thermostat. These results provide motivation for
stochastic dynamics as an alternative giving ergodic and efficient sampling.

The subsequent chapter develops stochastic (Ito) calculus, giving details on the con-
vergence of distributions and the concept of a spectral gap. We introduce stochastic
thermostats based on perturbations of Newtonian dynamics and prove ergodicity us-
ing a Hormander condition. Both Langevin and Nosé-Hoover Langevin dynamics will
be discussed, with examples of thermostats resulting from perturbing non-Newtonian
dynamics.

The fourth chapter builds on the splitting approach for deterministic methods, in-
troduced in Chapter 2. We detail a number of available splitting strategies for Langevin
dynamics present in the literature, before extending the GLA splitting scheme of [12]
to create a new class of method. One such new method is found to have a fortu-
nate cancellation at leading order, making it considerably more efficient than existing
schemes. We examine the specific case of harmonic potential energy functions, that is
perticularly relevant for molecular dynamics applications. We also consider the case of
overdamped Langevin (Brownian) dynamics, and discuss the behaviour of the resulting
limiting schemes. The focus of this chapter is to rigorously ground our work originally
published in [68].

Chapter 5 utilizes linear response techniques to numerically compute and correct the

\:’ Baseline
2 === Ot=11s
z S Sr=21s
Al e, 0 . 6t=31s
-10 0 10 20 30 40

Potential Energy (kcal/mol)

The computed potential energy distribution for a 1ns simulation of alanine dipeptide in
a vacuum at 300K. The timestep used to evolve the simulation has a dramatic effect on
the resulting distribution (the baseline result comes from a simulation with extremely
small timestep). The differences are the result of errors due to discretization.



error in observed averages, through the evaluation of integrated correlation functions
(similar to Green-Kubo-type formulas). We additionally consider intentionally perturb-
ing the equations of motion in an effort to provide higher—order sampling possibilities
for a particular observable. We additionally summarize our work in [69], where we apply
the newly developed methods to model problems and compare the performance of the
algorithms with those already present in the literature, for a small solvated molecular
problem.

We conclude this thesis by summarizing our results and presenting our perspective

on their potential impact.
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Chapter 2

Deterministic molecular

dynamics

In this chapter we provide a review of standard mathematical tools for the analysis
of dynamical systems and numerical schemes. In particular we introduce the concept
of the numerical scheme preserving a perturbed quantity exactly, and illustrate the
benefits afforded to such schemes in the deterministic setting. This is a central theme
of the thesis that we revisit in Chapter 4 in the context of stochastic dynamics.

We explain the benefits of using splitting schemes in the context of symplecticness,
before introducing our notation for splitting methods (which we shall rely heavily on
in later chapters). We finish the chapter by changing our perspective on our numerical
method: namely that we think of our trajectory as sampling a distribution, rather than
necessarily giving us meaningful dynamical information.

The material covered in this section can be found in most textbooks on classical
and statistical mechanics, in particular we present material from [4], [6, 42} [48], [72 [74],
104, 106].

2.1 Hamiltonian dynamics

The class of problems we shall consider in this thesis are canonical Hamiltonian sys-
tems in an even dimensional phase space. Consider n atoms existing in d-dimensional
space, where for most applications d = 3, but in simple models we may choose to
lower the dimensionality, confining the atoms to the plane or a line. The i*® particle’s

instantaneous position is given by the vector

a6y = [a6.1), 262 - - )] € RY,

though we will more often refer to the position data of all of the system’s particles,
given in a compact form as the vector ¢ = [q(l), e ,q(n)]T e RN for total position

dimension N = dn. The i*® particle’s instantaneous momenta (its mass m; multiplied
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by its velocity ¢) is similarly denoted p(;). Any particle’s momentum is independent
of its position, with the overall state of the entire system at any one instant denoted
2= lg, )T € RV,

We call Q = RV the phase space of the system, representing all possible states
of the system. What a molecular scientist is typically interested in is averages of
functions of z with respect to the evolution of the system in phase space. What we will
be concerned with in this thesis is the evolution of autonomous Hamiltonian systems,

corresponding to the initial value problem

d
FT JVH(z), =z(0)= =z, (2.1)

where H(z) : Q — R is at least twice continuously differentiable on some open subset.

The skew-symmetric structure matrix J € R2V*2N ig given as

o Iy
=[5 22)

where [}, is the k x k identity matrix. Differentiating H(z) with respect to time and

using (2.1) we find

d
g H(2) = (VH(2))" JVH(2) =0,

and so H(z) = const is a conserved quantity of the system for all initial conditions,
corresponding to the conservation of the total system energy.
In molecular dynamics, the Hamiltonian is typically separable into functions of

position and momentum,

H(z) =T(p)+ Ulq), (2.3)

where U(q) : RV — R is the instantaneous potential energy of the system and T'(p) is

the kinetic energy, given as

with M = diag(mil4, malg,...,myly) the diagonal mass matrix. The system (2.1))

hence reduces to Newton’s classical equations of motion

d
OTq =M"'p,
d}t) (2.4)

which can be interpreted as a rewriting of Newton’s second law

mass X acceleration =  force,
M x g = —VU(q)
dt2 N v

The ODEs ([2.4) will describe the entirety of the evolution of our system, and it may be

12



surprising that all of the physics, chemistry and flavour we wish to simulate must be
encapsulated solely within the potential energy function U(q). It is therefore often a
very complicated semi-empirical function of all NV variables, defined from experimental
data or from solutions to the Schrodinger equation. Typically in MD, we think of
the force as a ‘black box’ that we have little control over. In simulation, a force field
parameter file is used to parameterize the force terms appropriately for simulation.

As an example, consider a single particle in one dimension (so n = d = 1) with unit
mass, evolving with respect to the Hamiltonian with the potential energy function
given as

1
U(Q) = §w2q2’

where w > 0 is a parameter and ¢ € R is a scalar. This potential corresponds to
the one-dimensional harmonic oscillator, often used to approximate bond stretches in

atomic systems, with governing ODEs

dg
dt
dp
dt

=p,
(2.5)

2
= —wyq,

which are Hooke’s familiar equations of motion for a particle connected to the origin

by a linear spring, with spring constant w?. We can rewrite this as

ale]-[ 2l ]

which, given an initial value [¢(0),p(0)], we can solve to find oscillatory solutions

q(t) | cos(wt)  wlsin(wt) q(0)
p(t) wlsin(wt)  cos(wt) p(0) |’
with frequency w. We know these solutions will lie along curves of constant energy

H=(0)) = gp(t) + goa(t)” = 5p(0) + 3*a(0), (26)

which give a family of concentric ellipses in the phase space 2 = R?, parameterized by
the initial condition and centred on the origin.

It is perhaps difficult to envisage such a small model with such a mathematically
well-understood solution to have much significance or applicability to molecular mod-
elling, though in practice under the assumptions of the classical nature of atomic
motions such harmonic potential functions are ubiquitous. A bond stretch between
(bonded) atoms ¢ and j is assumed to have a linear restoring force, and hence due to
the linearity of the V operator in , this force can be added to a molecular model
by adding the harmonic potential energy to the Hamiltonian (where it becomes part of

the total potential energy).
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The total potential energy of the system is chosen to be a superposition of functions
that best fit some prescribed experimental data. Given the natural system one wishes to
emulate, the laws of physics are essentially ‘plug and play’ in the sense that additional
potential energy terms can be summed to tailor the equations of motion to the specific
elements or environmental conditions involved. In the framework we have described,
U(q) is a blank canvas for whatever physical phenomena one can dream up.

If we wish to describe a physical system, the forces (and hence potential energies)
involved in MD simulations will usually be some functions of the distances between
atoms, although some static (non-moving) boundary terms can also be included. Most
numerous are pair potentials, giving either the relative potential energy from a bonded
pair (usually coming from the harmonic oscillator term) or the non-bonded intermolec-
ular forces (such as the van der Waals or Coulombic charge terms).

Additionally, three or many-body potentials may be added to the system to simulate

structural features in the system, such as angular predispositions.

2.1.1 General numerical methods for autonomous ODEs

The high dimensionality and nonlinearity of our evolution equations (2.1) make numer-
ical treatment inevitable, as exactly-solvable cases such as (12.5]) seldom occur. Consider

the initial value problem,
—z=f(2),  2(0) =z €R¥, (2.7)

with solution written as z(¢; zp) at time . We define the flow map, or solution operator,
for this system to be the map ®; : R?Y — RV such that

Di(n) = z(t;n),

which takes a point 7 in the phase space and evolves it forward ¢ units of time, with
respect to the flow of (2.7)). The flow map also has a semigroup property; evolving the

flow successively by a time ¢ then s is equivalent to evolution by time ¢ + s, such that
(I)t ] (I)s = (I)t—i-s-

The flow map can be extremely challenging to compute analytically even for simple,
small dimensional examples. While being able to write ®; down would allow us to
sample as many trajectories as we can find initial conditions, we are fortunate in that
molecular dynamics applications do not require such fidelity. The numerous approx-
imations and simplifications we make in formulating the classical case permits some
margin of error in our computed solutions.

Instead, let us consider a multitude of discrete points along a single trajectory,
equally spaced in time, like the slits around a zoetrope or a collection of frames in a strip

of film. We fix the time between snapshots and define this as our timestep dt > 0, with a
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discretized trajectory written as the ordered set {z(k 0t; 20)}5%, = {®%,(20)}52,, where
the notation ®* represents repeated composition of the flow map k times. Our goal is to
approximate the points in the discretized trajectory, writing successive approximations

as z ~ z(k dt; zp).

Time 0 ot 26t e kot
Solution 2(0;20) = 20 2(0t;20) 2(20t;20) --- z(kdt; z0)
Flow 0 (20) =20 Par(z0)  PF(z0) o P(20)
Approximation 20 21 29 e 2,

We think of our successive approximations as being generated through the iteration of

a map &)& : Q0 — €, such that
2 = Bar(25-1) = D5, (20).

The mapping ® will necessarily depend on the system dynamics ([2.7)) and hence will be
dependent on the (typically nonlinear) vector field f. Integrating (2.7) between times
t and t + dt, we find

t+ot
z(t + 6t; 29) = 2(t; 20) + /t f(z(7; 20)) dr, (2.8)

where evaluation of the integral ftt+5t

an update scheme. For instance, the left-endpoint approximation to the integral

f(2(7; z0)) d7 by quadrature or interpolation gives

t+6t
/ f(2(7; 20)) dT = 8t f(2(¢; 20)),
¢
yields the explicit Euler scheme, given as
Zntl = 2Zn + 0t f(zn). (eE)

Whereas using a right-endpoint approximation instead gives yields the implicit Euler

scheme
Znt1 = Zn + 0t f(Znt1)- (iE)

We can see that the implicit Euler scheme makes it slightly more challenging to compute
the update for nonlinear f(z), as we must use additional computation to solve
implicitly. Newton or fixed point iteration are practical options to find a solution, but
this extra computational work makes implicit schemes often less efficient than explicit
schemes.

Endpoint approximations provide a suitable starting point, but a wealth of numeri-
cal quadrature schemes are available to estimate the integral in , so it makes sense
at this point to discuss the quantification of error in our simulation. The simplest way

to grade the quality of our approximation is to consider the difference between the
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solution and approximation at an arbitrary point n € ), written as

[@s1(m) — Bin()]

which we call the local error of the scheme. For the explicit Euler scheme , the

local error is

D51(n) — Bau(n)| = 2(3t;m) — (n -+ 5L )

whence utilizing a Maclaurin series expansion of the form
. 1 ..
z(6t) = z(0) + 5t2(0) + §6t 200) +...

with the equation 2(t) = f(z(t)), the local error at n becomes

5| 310 () + O(61)|.

If the local error term is of order §t°, then we say that the scheme is of local order s.
Hence explicit Euler is a scheme of local order 2.

As our goal is to compute a long trajectory, the local error is perhaps not readily
useful to us. What matters more will be how these errors compound over successive
iterations, affecting the long-term behaviour of z; as k gets large. The global error of a
scheme after k steps, denoted ey, is defined as the error in the scheme at the time kdt,

written as
e 1= | (n) — Bk ()| = 2kt z0) — 2]

This can be difficult to quantify in generality. For Euler’s method, we have

err1 = |2((k + 1)0t; 20) — 241,

1
2(k; z0) + 0t2(kdt; z0) — (21 + 0t f(2k)) + §5t2é(7'k; 20)

)

) (2.9)

20k 20) — 20 + 0 [f (20 20)) — F(21)] + %5#5@; 20)

for some 7, € [kdt, (k + 1)dt]. If we assume that f(z) obeys a Lipschitz condition

|f(1) = fF)| < Llp —nl,

for some constant L > 0, then applying the triangle inequality to (2.9)) gives
Lo
ert1 < (14 0tL)e, + §5t |Z(7520))|.
Using the relation (1 + 0tL)™ < e™* we can solve the recurrence to get a global error

bound of the form
ert1 < Kel*6t,
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where T' = kdt is the total time of integration, and K is a constant that depends on the
vector field f and the initial condition zp. In practice K may be large, but this bound
does give us a quantitative strategy to reduce error; given a fixed time interval, we can
choose our step size sufficiently small such that the global error in our solution is below
any desired threshold. However, we will expect exponential divergence away from our
exact solution: the error grows exponentially when increasing the time interval 7. A
scheme is of order s if it has global error proportional to §t°, thus the explicit Euler
scheme is first-order (as T is fixed). It can be shown that if a scheme has local error
O(6tPT1), then it has global order p [72 104].

Given the global error in trajectories, it is natural to ask what happens to observable
functions (such as the energy) under the discretized dynamics. One important example
is the behaviour of first integrals, which are non-constant functions whose derivative
vanishes on solutions to the ODEs. If we define I : R*2Y — R to be a first integral of
the system , then by the chain rule

d

0= —
det

I(z) =VI(z)-2=VI(2) - f(2), (2.10)

for all z € Q2. Using an order p method and propagating forward in time, we can apply

the mean value theorem to show that
I(Zk) = I(Z()) + V[(E’) . ’Zk — Z()|,

for some intermediary point z on the line connecting z; and zp. If we assume that

V1(z) is bounded in some open domain, such that
VIE)| <K,
for some constant K > 0, then we have
|1(z1) — I(20)| < Keg,

and hence
11 (z) — I(20)] ox eTLotP.

Therefore for a given a fixed time interval, reducing the value of §t will allow the value
of I(z) (which is constant for the exact dynamics) to remain in a desired tolerance
corridor. This is useful for Hamiltonian systems where the total energy should be
preserved under the dynamics. An alternative way to proceed is to increase p, the
order of the method. The two Euler methods and encountered so far are both
of order p = 1. We can seek higher order estimations of , rather than the endpoint
approximations used in the Euler schemes. One such technique is the midpoint rule,

employing an implicit Euler estimate for the centrepoint of the time interval z, /s,
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«— Explicit Eul |
xplicit Euler Heun’s Method

Implicit Midpoint

Implicit Euler

H(q(t),p(t)) — H(q(0).p(0))

0 1 2 3 . 4 5 6 7
Time

Figure 2.1: Energy drift is demonstrated in numerically computed trajectories for the
Lennard-Jones oscillator. Five initial conditions (marked with circles) belonging to
the levelset H(q,p) = 0.45 are propagated forward in time with timestep d¢ = 0.03.
Trajectories are plotted in phase space (g, p) € R? for t € [0, 300].

where 2y, y1/9 ~ zn + 0t f(2n+1)/2. This gives the implicit midpoint rule
Zn+1 = 2n + ot f(zn + (Stf(zn)/2) (HIH‘)

This is a second-order implicit method. Similarly we can use a different second-order
approximation of the integral, such as the trapezoidal rule. To estimate the endpoint,
we can this time use an explicit Euler approximation for f(z,+1), giving Heun’s method

s
Znt1 = 2n + 0t [f(zn) + f(zn + 0tf(2n))] /2. (Hm)

This is now an explicit second-order method. We show the qualitative difference in first
and second order methods in Figure for the Hamiltonian system f(z) = JVH(z),
with Hamiltonian as in (2.3]) for N = 1. We model the Lennard Jones (6-12) oscillator

with total potential energy function given as

Ulg) = dij(g) =a~? —2¢°°, (2.11)

with scalar ¢ > 0. The dynamics has a single equilibrium point at (¢*,p*) = (1,0),
which solution trajectories will orbit. The results of the experiment show a rapid decay
in the energy for the first-order methods as time increases. The second-order methods

do much better, with a much slower drift in the energy.
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Higher order general methods

We briefly mention that one can consider methods for a higher order approximation
of the solutions z(¢; zp) than those given so far, as these will help minimize the global
error drift of the numerical solution. The most common class of high order methods is

the s—stage Runge-Kutta method,

Znl = Zn +5thif(ZM), AU +5tzaijf(z[j])’

i=1 j=1

where the constants b; and a;; define the method. Runge-Kutta methods can be either
implicit or explicit depending on the choice of the constants, giving a more general
framework for the interpolation of the integral in . Methods can be constructed
to arbitrary order, providing minimal energy drift in a giving time interval. Obviously
the total number of stages s used can balloon with the order, so it may be that the
required numerical fidelity comes at the cost of a slower running algorithm, due to the
high computational cost (equivalently large number of evaluations of f(z)).

We can use these general methods to solve Newton’s equations ([2.4]), written in

d d | ¢q

—_— = — =

dt dt | p
where H(q,p) is the total energy, given in (2.3). The update scheme for the explicit
FEuler method becomes

vector form
M1 P

v | T JVH(q,p) = f(2),

n+1 = Qn + 5tM_1pn,
Pn+1 = Pn — 5tVU(Qn)a

giving us an error of order ¢t in the long-time dynamics (global error) of the system.
This is a good starting point, but perhaps given our focus is on Hamiltonian systems,

we can cook up a better method by emulating the properties of the exact flow map.

2.1.2 Symplectic maps

Let us consider the evolution of two solutions that start in close proximity. We define
the flow map of the Hamiltonian system (2.1]) to be @ (z), and define

(520 ::%—Zo

to be a small deviation in an initial condition zy. The evolution of this difference is

given by simply comparing solutions at time ¢,

dz(t) = 2(t; 20) — 2(t;20) = P (20) — P i(20)-
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As we have a smooth Hamiltonian, the flow map is also smooth (see [72]), and we can

then use a Taylor series expansion to obtain

5Z(t) = (I)Hﬂg(Zo + 520) — (I)H,t(ZO)a

0
~ —
520 o2 Hat(ZO)v

and hence the quantity

0

§(t) = 5~ @14(2(0))02(0)

gives the approximation 0z(t) ~ £(t). As we have derived this from a Taylor series, this
approximation is only valid for small initial deviations dzy and for short time intervals.

To investigate the growth of this quantity, we can substitute z(t) = ®p+(2(0)) into

, to find
0

atq)H,t(Z(O)) = JVH(®m(2(0))).

This gives
560 = 57 | a0 8:00)
_9 [gt%,xz(o»&(m],

0z
0
0z

= JH"(®114(2(0))) {gz%,t(z(o» 52(0)] ,
= JH"(2(t)) £(8),

where H”(z) := VVTH(2) is the Hessian matrix of mixed partial second derivatives.

JVH(®p,(2(0)))02(0)],

This is known as the variational equation, written as

0

580 = JH"(z(1)) (). (2.12)

Other quantities can also satisfy a variational equation. Consider the Jacobian of the

flow map ®p4(2(0)), which we abbreviate to f;, i.e. let

0
fi = %‘I)H,t(z(o)), where ; : R?Y — RV,

We can write £(t) = fidz0, where fy = Ion from the definition of the flow map. It can

be easily verified that the matrix f; also satisfies a variational equation

d "
gt = JH (2(0)) fe. (2.13)

Variational equations are an important class of problems, and we will make use of these
results to aid our understanding of the geometrical properties of the flow map.

Differentiating H(z) with respect to time, recalling the formula for a first integral
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(2.10), it is easy to see that the Hamiltonian is invariant under the flow ®p 4(20), i.e.
that it is itself a first integral of the dynamics (2.1)). We will now study an important
geometrical property of Hamiltonian flow maps, relating to the preservation of area.

Consider two vectors u,n € € in phase space, where

H 7
n = 9 , N = I )
Hp Mp

with (1g,1), - - - ,M%(N))T =: pg € RY and similarly defined jp,7n,,m, € RY. If we
suppose N = 1, then p and 7 reduce to two planar vectors, and we define their oriented
area @ : R2 x R? - R as

w(p,m) = HpTq — KqTlps

whose magnitude is equal to the area of the parallelogram determined by these vectors.

The ‘oriented’ part of @ refers to the fact that the function is skew, in the sense that

w(p,n) = —w(n, p).

It might be expected that for N > 1 we will move to more abstract volumes of paral-
lelepipeds, however our immediate purpose is served by considering instead a sum of
all the oriented areas arising from projecting the coordinates of u and 1 on to the (g, p)
coordinate planes. We define this as the symplectic two-form w : RN x RV — R, given
as
N
wlpm) =Y &g m), (2.14)
i=1
where pp; = (tq,3)s ,up7(i))T € R? and similarly denoted ni = (nq,(i),np’(i))T € R2. The
description of this function as symplectic comes from the Greek adjective meaning a
braiding together, first used mathematically by Weyl [126] to describe the symplectic
area as a bundle (or complex) of lines. We can write compactly in matrix form

as
w(p,n) = p"J ', (2.15)

where J is the structure matrix given in (2.2). The linear mapping A : R?Y — R?Y is

a symplectic map if the symplectic two-form is preserved under application, i.e. if
w(Ap, An) = w(p,m),  Vu,neRN.
From we can equivalently write this condition as
ATt A =71, (2.16)
which implies |det(A)| = 1.

In the case of nonlinear differentiable mappings ¥ : U — R2N, where U C R?V is
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open, we will approximate 1 through linearization. Defining its Jacobian 1'(q,p) €

R2V>X2N we call the map symplectic if

W (gp)" T W (qp)=J"",  VgpeU. (2.17)

Notably, the composition of two symplectic maps ¥ and ¢ is itself a symplectic map,
as
Wop)T T  (wog) =o'y,
=TIy, (2.18)
=J 1
This yields a natural geometric interpretation of symplecticness, namely that sym-
plectic maps conserve area and orientation. To demonstrate this, consider a bounded,
two-dimensional surface S C R?V, with some continuously differentiable reparameteri-
zation § : K — S where K C R?, such that S = §(K). Consider a point P = (u,v) € K
and construct a rectangle R C K with a corner set at P and with side lengths Au and
Av. The image of R under the reparameterization 6 will be a two-dimensional subre-
gion of S, potentially now with warped or curved boundaries. The co-ordinates of the

corners of the image §(R) can be estimated through linearization, where for example
00
O(u+ Au,v) =~ 0(u,v) + %(U,U)Au.

Shrinking Au and Av to infinitesimal size, we can express the entirety of the planar
region K as exactly the union (or tessellation) of all such rectangles R. The image of
each rectangle corresponds to a region on S, hence we can find the total oriented area
of S, defined as «(S), by summing the oriented areas of each rectangle’s image. In this

infinitesimal limit the sum becomes an integral, and hence

a(S):/KcD<gZ(u,v)du,Zi(u,v)dv> :/}(@@Z(u,v),gi(u,v)> dudv. (2.19)

Given a symplectic map 1 : U — R?N, we know by definition that the symplectic
two-form will be left invariant. In light of (2.19)), we can calculate the oriented area of
P(5), as
_ (0o O(pob
a(w(s)) = o) = [ [ o (A2 00, 282 0,0)) dua,
e ou ov

:/Aw@wwwﬁwmwwmmgmmpm%

_//K@<§Z(u,v),23(u,v)> dudw,
a(S).

Symplectic maps therefore preserve the symplectic two-form w of a region of phase
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space under transformation. This is an important result in dynamical systems, as the

flow of Hamiltonian systems is symplectic.

Lemma 2.20 (Poincaré Theorem). The flow map @+ of a twice continuously dif-
ferentiable Hamiltonian system (2.3]), is symplectic for all t € R and all differentiable
Hamiltonians H(q,p).

Proof. From the definition of symplecticness ([2.17]), we need to show that
T 7-1 -1 9
ft J ft =J s where ft = %QH,t(Z)

From the definition of the flow map we have ® 5 (z) = 2, and hence fo = Iy satisfies

the condition. It is sufficient therefore to show

d _
91 =0, where g(t):=f 7 f;.

By the chain rule and using the variational equation (2.13]), we have

Soty = FEI v F0T T
= ST T 0) ) + S C0) )T
= SEH ) fo— FEH ) =0,
as required. 0

The effect of Lemma [2:20] is readily apparent if we take N = 1, and consider
repeatedly propagating a small region S of initial conditions in the phase space R?
with respect to some Hamiltonian H(q,p). The symplecticness of the flow map implies
the images @II‘;J(S) (where k € N) will all have equal area. As an example, consider
the evolution of the system with respect to the Hamiltonian H(q, p) = p?/2 + daw(q),
where (q,p) € R? and we define the double well potential as

U(q) = daw(q) == (" — 1)*.

This potential is characterized by disjoint solution curves orbiting equilibria (g%, p*) =
(£1,0), unless initial conditions are sufficiently energetic. In Figure we plot the
propagation of three disconnected regions forward in time, with each region coloured by
their energy level. The regions have an arrow-shaped hole in the centre that deforms
according to the level set H(qo,po) = H(q,p). In spite of deformations, the three
regions have commensurate areas under the flow for all time.

Though we have defined symplecticness as a conservation of the image’s symplectic
two-form, for NV > 1 it can also be shown that volumes of the phase space are also
conserved as a result of symplecticness (and hence under Hamiltonian flow maps). An

alternate way to demonstrate this property follows from Liouville’s theorem, which
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Figure 2.2: Area preservation under Hamiltonian flow maps due to symplecticness.

implies conservation of phase space volumes if the vector field in (2.7) in divergence-
free. It is easily verified that V - f(z) = 0 for Hamiltonian systems ([2.1)).
Symplecticness implies the existence of other integral invariants in systems for N >

1, and we therefore consider it a stronger property that simply being volume conserving.

2.1.3 Geometric integration

In an effort to emulate the geometric properties of the Hamiltonian flow map we shall
endeavour to find a numerical approximation that has an associated symplectic flow
map, in order to obtain solution trajectories that are geometrically similar to the exact
result. The resulting schemes will not necessarily preserve invariants (such as the
Hamiltonian) to higher order than other schemes considered, but we will show that the
methods preserve invariants ‘close’ to those in the original system. This is of central
importance in this thesis, as when we move to schemes for stochastic dynamics in
Chapter 4 we will use the same machinery to find ‘close’ invariant properties of the
discretization as a perturbation in powers of the step size.

Additionally, we introduce the strategy we shall employ to create our integrators
in the remaining chapters: splitting methods. The advantages of such methods for
deterministic systems will be presented in this section.

Consider a Hamiltonian H (g, p), and suppose we can additively decompose it into

two pieces, such that
H(q,p) = Hi(q,p) + Ha(q,p).

We can think of each piece as a Hamiltonian in its own right, with dynamics such as

d d
az:JVHl(z), and az:JVHg(z).
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If we are able to solve each independent dynamics exactly, then we can compute the flow
map for each corresponding piece of the Hamiltonian. These flow maps will themselves
be symplectic, by Lemma As we have shown in that the composition of
symplectic maps is itself a symplectic map, composing the flow maps for each piece will

give us a symplectic map. Note that these flow maps do not commute in general, so

(DHl,t o @HQ,t 7é (DHQ,t o q)Hl,t 7é (DH1+H2,t'

Of course, it is not at all obvious that the composition will be consistent; how do we
know that the composition of the flow maps approximates the full dynamics? Taking

the Taylor series of the composition at an arbitrary point,

Dy, 56 0 Priy5t(20) = Py ot(20) + 0tV HL (P 5(20)) + O(687),
= 20 + 0tJV Hy(2) + StV H (29 + 6tJV Ho(20)) + O(6t2),
= 20 + 0tJVH(z) + O(6t?),
= O 5:(20) + O(1?),

and hence we see it is consistent, with local error of at least order 2. Given previous
results, we would expect that this method gives us a scheme with global order 1, but
now crucially we have a scheme that is symplectic.

Though it seems like we have doubled our workload in computing two flow maps
rather than one, they key point here is that we are free to choose our splitting of
the Hamiltonian. If we can express the Hamiltonian as a sum of pieces, each one
corresponding to an integrable set of ODEs, then we can decompose the problem into
a multitude of simpler subproblems.

In molecular dynamics, the Hamiltonians we shall consider are of the form
H(g,p) =p" M 'p+U(q).
This gives a natural splitting strategy, defining the pieces as
Ha(p):=p"M~'p,  Hp(q):=U(q),  H(q.p)=Halp)+Hplg). (221

The flow maps for each piece are then simply linear drift terms

q |\ _|a+tMlp q |\ q
) R R |

Of course other splittings can be considered, though these are perhaps the simplest

building blocks for which to construct a splitting method. The methods we will consider
will result from compositions of these basic flow maps. We will introduce a notation

for writing these compositions, based on the notation used in [117].
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Notation

We will use a shorthand to define symplectic methods, coding them by the order in
which we perform our symplectic updates. A symplectic numerical method using
the splitting is coded by a string of alternating letters A and B, for example
JABABA]. Such methods corresponds to a composition of flow maps, for a;,b; € R
the string

[A“BP1A®BP2 ... APmpPn]

corresponds to the method with flow map

q)HB,/l;m(St © q)HAvamat 00 QHB,IZ;Q(St ° q)HAanfSt © (I)HB,Elét © (bHA:al(St'

Note that the step sizes used for each step are normalized to ensure the consistency
of the overall method, with
. a; ~ b;

a; = and b; := .
T aiFas+ ..+ am Y bbby

If a particular a; or b; are 0, then we omit the letter from the string, while if a; or

b; are 1 then we omit the superscript (but keep the letter).

As a simple example, let us consider the method coded as [AB]. Composing the

flow maps, we write the overall flow map of the numerical method as

PaB]st = Prp.ot © Pry ot

where the subscript [AB] now denotes the sequential composition of the splitting pieces.

The update scheme reads as

n =qn+ 5tM_1 )
dn+1 = ¢ p (sE-AB)
Pn+1 = Pn — 6tVU(Qn+1)>

which is the symplectic Euler method. We will refer to this method as symplectic
Euler-AB (or |sE-AB|) as there is the similar method [BA] resulting from the reverse

ordering of the pieces,

PBapst = Past o Ppsts
where the update scheme instead reads

Pn+1 = DPn — 6tVU(Qn)a

B (sE-BA)
Gni1 = qn + 0tM ™ "ppy1.
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These are both explicit first-order symplectic methods, but aside from the geometric
properties (i.e. oriented area preservation), it is not obvious why symplectic methods
should be superior for numerical integration. Indeed the differences between the Euler
methods and seem primarily cosmetic at a first glance. We can motivate

the use of symplectic methods by returning to the harmonic oscillator, with Hamiltonian

H(q,p) = p*/2+¢°/2, (2.22)

where ¢,p € R. We have already seen that for a function I(z) to be a first-integral of
the dynamics (2.1)) we require

VI(z)-JVH(z) =0,

for all z in our space. It is clear that the function

- 1 1. ot
Hsi(q,p) = §p2 - 5(12 + 5 ap (2.23)

is not a first integral of our system defined by ([2.22) for §t > 0, however examining the
behaviour of this function when propagating using the symplectic scheme (sE-AB]), we

see

~ 1 1 ot
Hsi(gns1,Pnv1) = §p721+1 =+ §QZ+1 + o Pnt1dn+1;
1 1 ot
= i(pn - 5th+1)2 + iqg-ﬂ + 5(1711 - 5th+1)Qn+1>
1, 1, ot
= ip" + §Qn+1 - EanR—&-lv
1 1 ot
= §p721 + §(Qn + 5tpn)2 - Epn(%z + (5tpn)7
1 1 ot ~
= gpi - 5(13 + 5 Putn = Hot(an, pn);

and hence the function is preserved under the method. This suggests that the dis-
cretized solutions given by the scheme [AB] lie on level sets of Hg(q,p), which cor-
respond to conic sections whose type depends on the step size parameter dt. For
0 < dt < 2, the discretization gives points on skewed concentric ellipses centred at
the origin, whereas for dt > 2 we have a multitude of hyperbolae. This suggests
that choosing a step size §t < 2 our discretized approximations z, will lie on closed
curves, and hence our computed solution will be drift-free with respect to the surface
ﬁ[gt(qnﬂ, Pn+1) = const, giving a bounded energy error. An example is shown in Figure
2.3l for 6t = 0.1.

One can think of the symplectic Euler methods as providing an exact flow map for
a nearby Hamiltonian to our target system (where ‘nearby’ assumes of course that the

step size ot is sufficiently small). The method solves exactly the ODE

d ~
az(t) = JVHg(2),
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Numerical
trajectory ..

Modified ...-»
Hamiltonian

Hamiltonian

Figure 2.3: Numerical and exact solutions for the harmonic oscillator are com-
pared for the symplectic Euler method . The left image plots in phase space
the level sets of Hs; (red) and H (blue) for 6 = 0.1. The right plot shows how a
numerical trajectory is confined to the perturbed (modified) Hamiltonian.

for some fixed step size 6t. What is perhaps surprising, is that this is true for all
symplectic discretization methods and for Hamiltonians with far more general potential
energy functions U(q). For an order s symplectic method, we can think of a perturbed
function ﬁgt(q, p) = H(q,p)+O(t*) preserved after iteration of the numerical method,
or equivalently under applying the method’s symplectic map (ﬁ(st is sometimes called
the scheme’s shadow Hamiltonian).

To find this shadow Hamiltonian, we could consider perturbing the Hamiltonian H
by powers of §t, and solving successively to find functions preserved by the method. A
more sophisticated technique is known as backward error analysis. Consider splitting
the general vector field in into two pieces,

Cot) = hl2) + B, (22

and define the Lie derivative as the differential operator
Ly:=f-V. (2.25)

For some differentiable function 6(z), by taking its Lie derivative we obtain a new

function
(Ls0) (2) = f(2) - VO(2).

Note the linearity of the Lie derivative, such that
Lfyyp0= (fi+f)-VO=fi-NO+f;-VO =L+ Ly, 0. (2.26)

The Lie derivative is directly related to the evolution of functions along solutions to
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the corresponding ODEs. Consider some function 6(z) of solutions along one piece of

the vector field q
Sa0) = Si(2),

then taking the derivative of #(z) with respect to time, we find

d

3 0=(@) = VO(2(t)) - 2(t) = (L1.0) (2),

by chain rule. Consequently we can use Taylor’s identity and the formula for the

exponential to obtain

Oa(0) = 3 S 0G| = (L] 0)) = exp (1L, BGsa).
j=0"" 2(t)=z0 J=0""

Note in particular that for the identity map 6(z) = Id(z) = z, we find that the expo-

nential of the Lie derivative is related to the flow map itself, namely
D 1(20) = 2(t) = exp (tLy,) Id(20). (2.27)

Returning to our original question, what can we say about the composition of such

methods? Writing the flow map for the scheme denoted [fifj] as Zﬁﬂfifj}]ﬂg, we find

‘5[[fifj}],t(zo) = (@00 Py, 1) (20),
= exp (tLy,) @y, 1(20), (2.28)
= exp (tLy,) exp (tLy,) Id(20).

More generally, splitting the ODE into m pieces such that

we can apply this reasoning inductively to find that, for the method coded [fifa. .. fy],
we have N
eyt 6], (20) = (P00 0@y 0@y ) (20),

=exp (tLy ) exp (tLy,) ... exp (tLy,, ) Id(20).

The apparent reversal of the order of the semigroups, compared to the order of the flow
maps, is known as the Vertauschungssatz (see the discussion in [48, Section II1.5.1]).
This is the reason behind our notation for a method reading left to right, as our interest
will primarily be in the sequence of the exponential terms, rather than the flow maps.

Given a composition method written [fifs ... f,], fixing the time interval to be the

step size dt, we define a differential operator E[flfz._fm]Ldt as

exp <(5t Eﬂf1f2”.fm]]7dt> =exp (0t Ly )exp (0t Ly,)...exp (6t Ly,,), (2.29)
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and hence for any smooth differentiable function 6(z), its evolution under the method
is given by
0(2(61)) = exp (0t Lipyr, apa1) 0(2(0)).

From the Taylor series of exp <5t ZﬂflfQ.“fm]Lét), we can see that for a function 6(z) to

be invariant under iteration (for any fixed dt), we require EﬂflfQ._.fmﬂ’ate(Z) = 0. In order
to compute the operator, we will make use of the Baker-Campbell-Hausdorff (BCH)
formula to compute the product of exponentials in (2.29) [48], as for general linear

operators X and Y, we have
exp(dt X) exp(dtY) # exp(dt (X +Y)),
unless X and Y commute. The BCH formula gives that
exp(5t X) exp(0tY') = exp(6t Zs;) = exp(0t Zyy) + 6t* Zpy) + 63 Zjz) + O(5t*)),  (2-30)

where Z; are linear operators given by combinations of X and Y;

Zpy=X+Y,
1
Zpg = §[X,Y],
1
Zy = 15 (XX Y] + Y. Y, X)),

with the commutator of X and Y defined as [X,Y] := XY — Y X. By repeatedly
applying the BCH formula we can compute EIIflfQ.“fm}]’(gt as required, however it imme-
diately becomes apparent that we can expect the terms at higher orders of 6t to become
extremely complicated linear combinations of Ly, particularly as a method becomes
more complex (i.e. as m increases). An additional worry comes from the formal nature
of this approach, given the unbounded nature of each Lie derivative we cannot expect
the BCH series to converge in the general case.

Rather than thinking of the characteristic operator Eﬂfl fa..fm],5¢ 8 & perturbation of
the exact operator £ vy, we can instead consider it as the exact operator of a modified

Hamiltonian Hg (g, p), such that
~ 1
exp (5t £[[f1f2._'fm]]’6t) = exp (575 Lyvi + 5t22}[f]1f2mfm]] + (’)(5t3)) = exp (575 Eg&) i

The function I;T(;t(z) will be invariant under the numerical method, as we think of the

numerical method solving exactly the Hamiltonian system

d

720 = JV Hy ().

30



Defining the Poisson bracket of two functions F'(z) and G(z) as
{F(2),G(2)} = VF(2) - JVG(2),
the Lie derivative can be reformulated elegantly as
Lyvud =Vé-JVH = {9, H},

with any first-integral I(z) of the Hamiltonian system (2.1)) satisfying {I, H} = 0.

Lemma 2.31. Consider two smooth Hamiltonians G1(z) and Go(z), with correspond-
ing vector fields

91(2) = JVGi(2), g2(2) = JVG2(2).
Given their associated Lie derivatives Lg, and Lgy,, we can write their commutator as
[£91’£g2] = ‘CJV{GQ,Gl}'

Proof. We make use of the Jacobi identity
{{AaB}aC} + {{B7C}7A} + {{Cv A}vB} =0,

where here A, B and C are arbitrary functions. Replacing these with G1, Gy and ¢, we

can take advantage of the skew-symmetry of the Poisson bracket to write

o, G2}, G} — {0,{G2,G1}} — {{9,G1}, G2} = 0.

Using the definition of the Lie derivative, this becomes

{Lg,0,G1} = Lyvias,,cy® — {Lg1 0, G2} =0,
and hence
[:91 £g2¢ - £g2£g1¢ - EJV{G27G1}¢7

as required. ]

Using the correspondence between Poisson brackets and Lie derivatives, we can
write down the shadow Hamiltonian ﬁgt for a method. As an example, we return to

the symplectic Euler method [AB]. Using the BCH formula we can compute

~ Y 5t?
Liaspoe = La+Lp+ 5 [La, Lol + 15 (L4, [Ca, L]l + [Lp, [L5, La]]) + o(6t%),

where we have simplified our notation from £y, to £4. Using the skew properties
of the Poisson bracket, as well as Lemma and (2.26)), we can write this as £ s,
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where

2

Hyy = H ~ % {Ha, Hp} + 5 ((Ha, {Ha, Ho}} + (Hp, {Hp, Ha}}) + 002,

12

For the Hamiltonian splitting H(q,p) = Ha(p) + Hp(q), where

1.
Ha(g,p) = §pTM 'p,  Hp(g,p) =Ulqg),

we have

(Ha, Hp) = VHy - JVHg,

0 0 Iy
M1 Iy 0
- _pTM71VU<q)7

VU(q)
0

as the leading term in the expansion for [AB]. Similarly we can calculate

{Hp,{HA,Hp}} = p" M 'V2U(¢)M'p, {Hp,{Hp,Hs}} =VU(¢)'M~1VU(q),
(2.32)
where we denote the Hessian matrix V2U(q) := VVTU(q).

Returning to our motivating example, we can see that in a planar phase space for
U(q) = ¢*> and M = 1, the perturbation given in reduces to exactly — {H4, Hp}.
It is not at all obvious where the higher order dt terms in the expansion have disappeared
to, but it can be shown that the expansion converges (owing to the simplicity of H4
and Hp) to

~ ot _
Hsi = Aot (H + EpTM 1q> :

for some finite nonzero value A5 that depends only on ¢t. Fixing the step size, we
can simply divide through by As to recover as a first integral of the perturbed
dynamics (as all functions of first-integrals are themselves first integrals). This is a
special case however, for simple (in this case, quadratic) Hamiltonians, many of the
Poisson brackets are zero due to high derivatives, whereas for more general systems we
cannot expect the formal series for fNI& to converge.
For a symplectic order p numerical method, its low map ‘/I;& is equivalent to the
exact flow map for a perturbed Hamiltonian flgt, such that
st = P 1y 17, 0t
For general systems, we can find the perturbed Hamiltonian using the BCH formula,
though it is purely formal approach, making any information we gain suspicious at best

or misleading at worst. We can imagine truncating to order §t* (for i > s) writing

ﬁ5t7[i] — H+6t5HS 4 sestiglstl o gest2gls+2l sl
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We then hope to find an estimate for the difference between the numerical method and
the exact flow of this truncated system. Estimates can be given [48] [72] such that

~ . -
(I)JVI?&,[Z-],& — Dsy| < 16t (c20t (i + 1)),

for positive constants ¢; and ¢y independent of the step size dt and the truncation index
7. The behaviour of the right hand side suggests that, for fixed small §t, if we take
more terms in the perturbation by increasing ¢ then we will initially converge towards
the flow map of the numerical method. However, we find a strong divergence effect by
increasing ¢ too far, with this divergence tipping point occurring for larger i as 6t — 0.

If we choose the truncation index i = ¢*, where

026t 625t
then this gives
g i *+1
¢JVﬁ5t7[i*],5t - (pét’ S Cl(St (626‘[; (Z* + 1))1 ,
< 615256_("*‘*‘1)7
< Ii15te_*“2/51t7
for positive constants k1 = ec; and kg = e~ ! /co. The drift in the truncated Hamiltonian

over a discretized trajectory of n steps is then simply

Hy g0 (2n) = Hlsy oo (20)| =

)

Z ﬁét,[i*}(zz‘) - ﬁét,[i*}(zi—l)
i=1

)

< Z ‘ﬁ&,[i*}(%) — Hyp (2i-1)
=1

9

n
<>, ‘Héu[i*] (‘I)ét(zi—l)) — Hst Jiv] <¢Jvﬁ5t7[i*],at(zi—1))
=1

< Z K ‘(I)&(Zi_l) — (I)Jvﬁ(;t,[i*],cit(zi_l)
=1

< notKrie "2/t

)

for K > 0 the Lipschitz constant of E[(;t,[i*], and making the use of the face that fI(;t,[i*]

is preserved under the flow of the exact flow map ® Thus the numerically

Jvﬁgty[i*],ét'
computed trajectory will remain exponentially close to the perturbed dynamics given
by the truncated shadow Hamiltonian, over an exponentially long time interval

T < T* = n*6t < "2/%,
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The expected drift in the Hamiltonian over this timescale is then
|H(2n) — H(20)| = [Hsy i1 (2n) — Hyp i (20)| + O(687) = O(6t7), (2.33)

where here n < n*.
We may hope that we can construct a symplectic method such that the Hamiltonian

itself is preserved under iteration, so
{Hst, H} = 0.
If we assume that the only first integrals of the dynamics

&z(t) = JVH(z),

are of the form F'(H(q,p)), for arbitrary F', then this implies (fixing step size) that the

shadow Hamiltonian itself must be a function of the Hamiltonian,

ﬁét(qap) = F(St(H(Qap))a

for some function Fy;. Hence on level sets H(q,p) = E # 0, we have

ﬁdt(‘]ap) = F5t(E) = ,UH(q,p),

for some fixed value p, depending on the energy level E and step size §t. Hence the

numerically computed solutions 2(¢) are such that

C5() = IVHu(2) = nIVH(z) = S=(u),

suggesting that our perturbed dynamics solves the problem exactly after applying a
time-transformation. Finding a symplectic integrator with this property for a general
Hamiltonian will not be possible, and hence conservation of H (g, p) and symplecticness
are mutually exclusive properties for numerical methods. We elucidate some strategies

for more accurate approximation of H(q,p) using symplectic methods.

2.1.4 Higher order symplectic methods

We can exploit certain features of the BCH series to obtain higher order symplec-
tic methods. For linear operators X and Y, consider symmetrizing a composition of

exponentials, such that

t t = > > > >
exp <2X> exp (1Y) exp <2X> = exp(t2:) = exp(tZ + 2o + 1213 + ' Zpa) + ).
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Multiplying by the same expansion using a different time step s, we have

exp (§X> exp (sY') exp (§X> exp <;X> exp (tY') exp (;X) = exp(szs) exp(tZ),
(2.34)

where Z; commutes with Z, s, giving

exp (SZS> exp (tZ)
= exp (825 + tZ) ,
= exp ((S + t)Zm + (82 + tQ)Z[Q] + (83 + tg)Z[g} + (84 + t4)2[4} + .. > .
Setting s = —t, the left hand side of (2.34]) collapses to the identity. Hence the surviving
even-powered terms in the expansion on the right hand side must be zero. Evidently,

composing linear operators symmetrically leave only the odd order terms in the expo-

nent, giving the symmetric BCH formula

exp (;X) exp (tY) exp <;X> =exp(t (X +Y)+ t32[3} +...), (2.35)
where ) )
Ty = SI¥.[¥.X]) — =[x, (.Y, (2.36)

Hence we would expect that we can easily find a second-order method using a symmetric
(or a Strang) splitting scheme. Returning to Hamiltonian dynamics, recall splitting the
vector field into pieces defined in , denoted A and B. In light of , the
simplest splitting schemes giving the desired symmetric structure are denoted simply
[ABA] and [BAB], which correspond to the position and velocity Verlet methods

respectively:

Position Verlet: [ABA] Velocity Verlet: [BAB]
Gn+1/2 = qn + (6t/2) M_lpna Pn+1/2 = Pn — (6t/2) VU (qn), (Verlet)
Pnt1 = pn — 6t VU (qny1/2), Int1 = Gn + 0t M ppyi o,
In1 = Quy1y2 + (66/2) M7 prsr. | pogt = Pasij2 — (6t/2) VU (Gni)-

More complicated symmetric second-order schemes can be devised by proceeding
almost arbitrarily and maintaining a symmetric composition, but it is not immediately
clear how these would improve on the two Verlet schemes. The Verlet methods are
seen as the gold-standard for molecular dynamics computations - both require only one
evaluation of VU (q) per iteration (where the velocity Verlet scheme can reuse VU (¢p+1)
for the next iteration), and offer a second-order symplectic evolution. We can use the

Poisson brackets computed in (2.32]) to find the perturbation to the Hamiltonian by
substituting them into (2.36)).
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For example, for the velocity Verlet scheme [BAB], defining its shadow Hamiltonian
as Hy = H + 0t°HP + O(6tY), we can use the BCH formula to find the leading

perturbation as

. 1 1
H[Q] = E {HA7 {HAaHB}} - 274 {HB’ {HB’ HA}} ’

1 _ _ 1 -
= P MTIVAU()M ™ p — VU (9)" M~ VU (g).

Yoshida [129] gives an elegant method for creating a scheme of arbitrarily high even
order. If we have some scheme with order 2s and perturbation terms of even order
(such as arises from a symmetric composition), then the evolution of the system under

this method is given by exp(dt Egt), where
Eét = Lo+ 5t252[25] + 5t25+22[25+2} + 5t25+42[28+4} + O(5t28+6>

is the method’s characteristic operator. The linear operators L2 are compositions of
Lie derivatives, and can be computed using the symmetric BCH formula.

We now consider the product
exp <7'05t Emgt) exp (71515 Zﬁ(gt) exp (7’0625 2705t> = exp (5t Z(;t) ,
where, using the fact that Egt commutes with itself, we find

Zst = 210 Lryst + 71 Loy st

= (2r0+ 1) Lyvn + (27T + 7252 L + O(a1%+2).

We have free reign over constants 7y and 71, though for the method to be consistent

we require 279 + 7 = 1. Hence we have an opportunity to annihilate the perturbation

operator at order §t>* by choosing 27025“ + 7_123+1 = 0 as well. Solving simultaneously,
there exists a unique real solution
1 K 2s+1
T0 = T = — K =2
0T 2k ! 2—K’ ’

giving us a scheme of order 2s + 2. We can then proceed recursively, as this new order
2s 4+ 2 scheme can be composed similarly to wipe out successive higher order terms.

Though the fourth-order version of the scheme was given first by Forest and Ruth
[39] (and discovered independently by Yoshida [129] and Candy and Rozmus [19]),
we shall simply refer to these higher-order schemes as Yoshida methods, owing to the
elegant derivation of schemes of arbitrary order.

Using [ABA] as a base second-order method (2s = 2), a Yoshida fourth-order
method is written in our notation as [ABAA™ Vag-V2p- %ABA]]. This scheme re-
quires three evaluations of the force VU (q) per iteration, making it significantly more

expensive than the vanilla second-order Verlet method. Note as well that because
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Figure 2.4: We repeat the experiment Figure with the symplectic Euler, Verlet and
Yoshida schemes. We plot the absolute deviation in the computed Hamiltonian (left)
as a function of time, for each scheme at a fixed timestep d¢ = 0.005. Additionally
we vary the timestep and compute the maximum deviation in the Hamiltonian (right),
comparing the results with guide lines of powers of the step size.

|7;] > 1, we expect a shrink in the stability region for this method relative to the
second-order method it is built upon, as we perform iterations of our ‘base’ method at
timesteps 7;0t.

We compare the symplectic methods developed so far in Figure for t € [0, 100]
using planar phase space and the Lennard Jones oscillator . As expected, there
is no visible drift in the Hamiltonian as the simulation time increases, compared to
the same problem studied in Figure Instead, we see a periodic oscillation in the
fluctuation of the total energy. Additionally we compute trajectories propagated at

different step sizes, and plot the maximum deviation

max |H (q(t),p(t)) — H(q(0),p(0))]

over the entire trajectory. We can see that for an order s method, the maximum
deviance in the Hamiltonian is of order s, as is expected from the analysis in .
Yoshida fourth-order schemes are tested using both the position and velocity Verlet
schemes as their base second-order methods (the base method is denoted in parenthesis
in Figure , giving similar results.

Of course we need not stop at a fourth-order scheme: we can use the constructed
method to target any higher order terms we wish by composing the new scheme in a
symmetric form and proceeding identically to the above. For the purposes of molecu-
lar sampling however, the computational price-tag of higher order methods outweighs
potential numerical gains. After all, the potential energy functions used in the ODEs
are not perfect reflections of the laws of physics, and past a certain point using a high
order method merely finds a better solution to an approximate model.

For more general applications, such methods are extremely useful. For our purposes
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though, far more important than high quantitative fidelity is the preservation of the
qualitative nature of solutions to Hamiltonian systems. In that respect, second-order
methods provide a ‘good enough’ option for numerical integration, with symplectic

methods the de facto choice for molecular modelling.

2.1.5 Scale separation

Recall that for the harmonic oscillator , the symplectic Euler method [AB] pre-
serves the quantity

~ 15 145 6t

Hsi(g,p) = 5p° + 54" + S ap, (2.37)
for all 0t > 0. As discussed previously, level sets of this function in the plane are conic
sections parameterized by &t, whose type changes from a family of ellipses to hyperbolae
when §t > 2. Therefore the qualitative merit of numerical solutions is only valid for
this problem in the region dt € (0,2), introducing the notion of the step size threshold
- a maximum value the step size can take before computed solutions unbounded, or the
numerical method itself becomes unstable.

The presence of such a step size limit is unsurprising; we cannot expect to be able
to push our discretization as far as we would like. The discretized points (zj) are only
an approximation to the true trajectory, and it is perhaps asking too much that the
predictions made by the numerical method are valid for all timesteps. It is common for
systems to exhibit a separation of time scales, where we have two (or more) coupled
process in the overall system that have natural frequencies orders of magnitude apart.
Such systems are ubiquitous in nature, and typically the slowest acting system (with
the longest relaxation timescale) is of primary interest. However, in simulation the
step size threshold is set by the fastest frequencies of the system [4], meaning that one
must take a very large number of small timesteps in order to resolve the behaviour of
interest. Where the separation of timescales is very large, such simulation is infeasible.

We seek ways to increase the step size threshold in systems where there is a large

timescale gap. Let us be given a Hamiltonian with ¢, p € R?Y, such that
H(q,p) = p"M~'p/2 + Us(q) + Us(a), (2.38)

where we think of the total potential U(q) = Us(q) + Uy(q) being the sum of prescribed
slow and fast potentials Us and Uy respectively. We introduce the splitting

Hf(q,p):=p" M 'p/2+Us(q),  Hslg,p) :=Us(q), (2.39)

and consider symplectic evolution schemes using these pieces. Just as with the Verlet
schemes, we can use a symmetric composition to give a second-order method. One

popular method is given by the r-RESPA (reversible-REference System Propagation
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Algorithm) scheme [119, [120], written in our notation as [sfs], with dynamics

Pn+1/3 = Pn + (6¢/2)VUs(qn),
(@nt15Pntas3) = Luviest(Gns Poiis3), (r-RESPA)
Pnt1 = Pny2y3 + (0t/2)VUs(gn+1),

where ® ;v 50 is the flow map for the fast dynamics. We are forced to write the flow
map into the algorithm as our choice of splitting for Hy in means that we cannot
solve the system exactly for general Uy. In practice, a high-order symplectic numerical
method is often used, with a separate timestep dt; < dt, ensuring that the dominant
error in the scheme is a power of the slow (or exterior) timestep dt. This splitting
technique is often known as multiple timestepping, due to the presence of these fast
and slow timesteps. Additional mid-range timescales can be used to optimize efficiency
[105], though we will focus on a binary splitting strategy for simplicity.

This may seem like simply dividing the workload for no real gain, however often
the fast dynamics are harmonic potentials (where the flow map is known exactly), or
a sum of local potentials only involving a few degrees of freedom. FKither way, the
computational cost of approximating the central ‘fast’ flow map is assumed to be far
cheaper than the evaluation of the force VUs(q).

We would expect that the scheme should benefit from an increased step
size stability threshold, that should allow us to bridge disparities in timescale. However,
in practice we can introduce artificial resonances in the system by choosing the timestep
to be an integer multiple of the fast system’s period [9, [72} [77].

For instance, consider a particle of unit mass in one-dimension, connected to the
origin by two springs, with Hamiltonian as in with fast and slow potentials

Us(e) =¢*/2,  Uplg) = ¢*/(2€%),

where 0 < € < 1 is a small constant. Using the symplectic Euler method [AB] on this
problem with U(q) = Us(q) + Us(q), the update scheme becomes

qn I~ qn qn
! ] = @paB].st <[ ]) = U[aB],st [ ] :
Pn+1 Pn DPn

where the matrix Wagp s is computed from the definition of the method as

UiaB)st = Yot Yast
1 0 1 6t
—6t(14+€2) 1 0 1|’

B [ 5t (11+ €?) 1=t ((Si ) ] |
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Figure 2.5: The magnitude of eigenvalues is plotted for the symplectic Euler (left) and
rRESPA (right) methods, as a function of 7 = §t/e€, where we fix € = 1/3. The inset for
each figure plots the evolution of the eigenvalues in the complex plane, as we increase
7. In the symplectic Euler case we can see divergence along the real line, though the
eigenvalues of the rRESPA scheme move in a more complicated way: the eigenvalues
make a brief sortie into the real line before returning and continuing to orbit the origin
around the unit circle.

The behaviour of the map under repeated iteration is given by the eigenvalues of the
matrix. In order to ensure stability, we require its spectral radius (the supremum of
the eigenvalues’ absolute values) to be no greater than unity. As this is a symplectic
map (and hence the determinant is one) mapping to R?, the eigenvalues are reciprocals

of each other, and a necessary condition for the method’s stability can be written as

T (Ppanper) | <2,
and hence we require

(2-6% (1+e72)) < 4,

57 (14+€2) (6t? (1+€2) —4) <0, (2.40)
2
0t < —— < 2e.
(14+¢€2)
The region of stable step size is therefore very small when using this general method,
scaling with e. We plot the eigenvalues in the inset in Figure they lie on the unit
circle until the diverge across the real line after half a revolution.

If we instead use the splitting in (2.39) and evolve the system with the [r-RESPA|

scheme [sfs], we can compute the propagation matrix similarly as

Uists).ot = Vsot2 Yot Ysst/2,

1 0 cos(dt/e)  esin(dt/e) 1 0
—ot/2 1 —sin(dt/e)/e cos(dt/e) —5t/2 1|
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The same condition must hold for stability as in the [AB] scheme, so
|2 cos(dt/e) — dtesin(dt/e)| < 2,
and rewriting 7 = dt/e, we have instability where
|2 cos(t) — Te? sin(1)| > 2. (2.41)
Using a Taylor expansion around 7 = 7, we see
2cos(m + 67) — T€2 sin(mw + 67) = —2 + 7207 + O(072),

and hence we expect is instability to occur in a region where §7 < 0, corresponding to
an upper bound on the step size threshold for the scheme as

0t < me.

As we are solving the ‘fast’ part exactly for all dt, it is potentially unintuitive where
the instability could be coming from in the method. The problem is exactly that of
a mechanical resonance effect: the fast part of the system has a very short oscillatory
period of 27e, applying the ‘slow’ force in sync with this (i.e. setting 7 to be just below
an integer multiple of 7) creates (numerical) resonance.

This is a disappointing result; despite our splitting strategy separating the two
timescales of the system, the maximum stable timestep is still limited by the overall
fastest frequency, scaling exactly as in the Euler method. If we wish to push our
timestep far enough to bridge the timescale gap, then this method does not offer a
clear line of attack. Given the oscillatory nature of , we may hope to choose a
timestep that lies in a stable region sandwiched between instability (see Figure ,
though the timestep 7 increases, the island stable regions shrink, making choosing
them a challenge. Of course we only study here the linear case, in the more practical
nonlinear case we expect qualitatively similar behaviour, but a thorough prediction of
stability regions in the general case varies from difficult to impossible.

Resonance effects plague many different strategies for overcoming timescale separa-
tion [9]. There are several approaches for overcoming such effects [43], most popularly
averaging or mollification of the dynamics is used to remove resonances [58| [71], [77].
Alternately, we can remove the fastest degrees of motion completely by locking their
motion so that are fixed. This employs the use of a constraint algorithm to, for ex-
ample, maintain fixed bond lengths or dihedral angles in a molecule. The use of such
algorithms is well-studied [102), 121].

Often in biomolecular modelling, the highest-frequency motions occur in the solvent,
ironically outwith the molecule of interest. We could simply delete the solvent molecules

from the simulation, simulating the molecule as if in a vacuum. This is appealing, as
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removing the solvent would significantly reduce the total number of degrees of freedom
in the model (and hence the simulation cost, which scales with N). However, such a
simulation is completely nonphysical, ignoring much of the thermodynamic behaviour
that might be of interest: the solvent molecules constantly barrage and buffet the
biomolecule, resulting in an exploration of its configuration space that is impossible to
sample in a vacuum constant energy simulation.

The challenge is therefore to take our target Hamiltonian system (the archetype
being a biomolecule), and embed a pseudosolvent into the simulated dynamics; we
employ an artificial device that mimics the behaviour of the solvent on average. We

will make precise how we do this, and to what end, in the next section.

2.2 Sampling the canonical ensemble

2.2.1 Statistical mechanics

We have so far considered evolving a Hamiltonian system along a level-set of constant
energy, with an emphasis on requirements for effective computer simulation (noting
concerns such as computational cost and a disparity of timescales). In order for our
numerical simulations to be commensurate with experiments done in a laboratory, we
would like to be able to compute averages of various quantities that might be observable
to experimentalists. We cannot expect that the trajectories we can compute with our
constant energy simulations will immediately match up with real measurements using
a much larger sample in a Petri dish, taken over a long time.

While we can compute averages from constant energy simulation as well, advancing
the system from an initial condition along its level-set gives a limited microscopic
perspective. In order to establish more general information about the system under
study, we can imagine taking a large collection of initial conditions and propagating
them all forward in time. We can imagine this bundle of trajectories in the phase space
as being a cloud of points, not necessarily equally distributed in space or energy. The
coloured regions in Figure are one example.

This distribution of points will evolve in time under the dynamics, just as a point
in phase space does. In fact, we can think of one point in phase space as being a
distribution characterized by a ¢ function. The discrete bundle of initial conditions will
approximate a continuous density, allowing us to evolve the points forward in time in
order to compute the density. In general, we write a density p of points at time ¢ as
p(z,t), where (¢,p) = z € Q.

In this section we shall adopt a change of perspective, and consider how a disctri-
bution of points is evolved in time under the dynamics, rather than a single trajectory.
Much of this material is standard, and can be found in many statistical mechanics
textbooks [4], 63, [74].

It should be apparent that the evolving density as we have described it is directly

related to a probability measure - each discrete trajectory packet can be thought of as
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one sample of our distribution. In order to make it a probability measure we impose

some normalizing conditions:
p(z,t) >0 VzeQ,teR, and /ﬁ(z,t)dz<oo vt € R.
Q
This allows us to normalize j(z,t), such that

plz,t) = Z71p(2,t), Z:= /QpA(z,t)dz, /Qp(z,t)dz =1.

We shall assume that p € L%, so that computed inner products at a time ¢ of any

smooth function ¢ € L? are bounded

(P(2), p(z,1)) /d) p(z,t)dz < oo.

The value of (¢(z), p(z,t)) gives the average of some observable ¢(z) at a time ¢, with
respect to an evolving probability distribution p(z,t).
For a system with governing ODE

A0 = 1),

Liouville’s equation for the evolution of the phase density is defined as

2 plet) = Liplet) = =V (F2)p(=,1). (2.42)

We can see that the macroscopic evolution (or simply the Liouville) operator L';i looks
similar (both in notation and definition) to the microscopic evolution operator, the Lie
derivative Ly, given in . The superscript asterisk denotes that they are adjoints,
in the L? sense. Indeed, if we have observables ¢, 6 € L? then

(6(2), £56(2) /¢ [£56(=

where subscripts in parenthesis denote components.
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In the case of Hamiltonian systems, we can write

d
32t = f(z) = JVH(2),

where H is the Hamiltonian. Recall the dynamics are divergence-free, hence the Liou-

ville operator becomes

L3p(2) = =V-(f(2)0(2)) = =0(2) (V- [(2)) = [(2)-Vo(2) = = [(2)-V(2) = =L¢(2),

implying that the operator is skew-adjoint. Hence the Liouvillian for Newton’s equa-
tions of motion (2.4) £} . becomes

Lie=—Lme=VU(q)-Vp— M~ 'p- Vg, (2.43)

where we describe such constant-energy simulations as microcanonical, indicated by the
subscript ‘mc’.

In order to make sense of numerically compute averages, when comparing to lab-
oratory estimates we will think of our molecular dynamics experiment as being one
realization (or sample) from some prescribed probability measure, or ensemble. This
ensemble is established by deciding upon a set of characteristic parameters for the
virtual laboratory experiment. We assume that the experiment is conducted in equi-
librium, so that the overall ensemble density will be stationary with respect to the
evolution of the system. These invariant measures for our system correspond to distri-
butions p* satisfying

0 * ko x
" =L"p" =0, (2.44)

where L£* is the macroevolution operator for our dynamics. In a constant energy simu-
lation, the skew nature of the Liouvillian operator implies that any first integrals of the
system satisfies , in particular any density that is a function of the Hamiltonian
will be invariant.

For example, we may choose to fix the number of atoms N in a simulation, as
well as defining a box of fixed volume V in R¢, which our system can evolve in. The
boundary conditions for this box will also need to be decided upon in order to replicate
a sensible experiment, but for the most part we will assume that we use periodic
boundary conditions so that the position space is restricted to a torus.

The system’s evolution is then governed by prescribed initial energy H(z) = Ej.
Averages computed with respect to these conditions gives us the microcanonical (or

NVE) ensemble, with associated invariant measure

Pme(2) =0 [H(2) — Ey].
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The spatial average of an observable ¢ in the microcanonical ensemble is then

<¢7,0mc> = /qupmc dz, (2.45)

where pp is the normalized probability distribution

Pmc = r;g ﬁmc; ch = / ﬁmc(z)dz. (246)
Q

The normalization constant Z,. is often called the microcanonical partition function.
The goal of a typical simulation is to compute the average of an observable, with respect
to some ensemble. This reduces to the task of evaluating the integral , where one
strategy is to discretize the phase space €2 into a mesh, and approximate the integral by
evaluating ¢(z)pmc(2) at each point. The approximation could be improved if necessary
by reducing the distance between the meshpoints.

The sting in the tail though comes when considering the enormous dimensionality
of the problem, coupled with the sparse nature of pn.. For even a modest sized number
of particles, creating a grid to span the entire phase space is computationally daunting.
For example, taking a naive approach and considering a small cluster of 100 particles in
3D, the phase space is = R%. If we only use ten points along each degree of freedom,
we still have 10%° gridpoints, which is an unworkable amount of data to process or even
store (1GB of storage can store around 10® double precision numbers). Even worse,
most of the meshpoints considered will lie in regions of phase space that contributes
little or nothing to the integral defining the average of interest (such parts of the phase
space the system will seldom visit - the distribution will be small or vanishing at these
points).

For small problems, and for systems where we have sufficient knowledge as to adapt
our mesh, this strategy may be workable and practical (indeed we can and will do this
to check results for small problems later in this thesis). However, we shall work in the
general case for very large N, looking to use a molecular dynamics approach for the
calculation of averages such as .

The primary alternative methodology to MD is a Monte-Carlo (MC) approach
[4, 42, 97], which moves the atoms at random in accordance with the equilibrium
distribution to be sampled. In contrast to MD, no information about the approximate
trajectories is required in (or can be generated from using) MC, and hence MD is
the preferred tool for understanding any time-dependent quantitative or qualitative
behaviour of the system. Hybrid approaches that marry MD and MC have also proven
successful in special cases [29], while the flexibility of MC approaches can provide many
benefits to specific applications [47] [52].

Molecular dynamics allows us to compute thermodynamically consistent trajecto-
ries, with the aim of using these trajectories as a tool to sample the integral ,

and calculate averages. This is not as straightforward as it may sound, aside from
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how to compute the integral from our numerically discretized trajectory (which is just
a sequence of points), the system’s dynamics itself may stymie our efforts. One can
imagine that a trajectory may not be able to access the entirety of the measure p, and
hence any information about one part of the integral will be lost, skewing the computed
average. The link between the exploration of trajectories in time compared to space is
given by the property of ergodicity. In the microcanonical setting, defining the surface
of fixed energy Q1 C €2, we say a system is ergodic if, for any two sets A, B C Qg of

nonzero Lebesgue measure,
Vit >0, P(A)=A and P(B)=1B = A=B,

where @, is the system’s flow map. Ergodicity of the system means we cannot split the
energy surface (p into multiple disconnected invariant sets. Equivalently, this means

that the system is ergodic if for any trajectory z(t) with z(0) € Qg, we have

1 T
(Time average) Tlim T / o(z(t))dt = / & Pme dz (Space average)
o0 0 Q

i.e. the average of an observable computed along a single trajectory is equal to the
average computed from integrating over the entire space, so the time and space averages
are equal. In the general case this requires the trajectory to be able to access the entirety
of the measure Qp. As an example, consider (¢, p) € R?, with unit mass and potential

energy function given by the triple well potential

Uq) = dw(q) = (¢* = 1) + 2%(q +1), (2.47)

and consider sampling averages for £ = 0.35. From Figure [2.6] we can see that the
level sets corresponding to H = E are disconnected, and a single trajectory cannot
sample the measure appropriately. In such cases, the result of the time average will
depend on which invariant set the initial condition is in.

Assuming that have an ergodic dynamics (an ergodic hypothesis), we can approx-
imate the time average by averaging the observable along a discretized trajectory. In
general it can be very difficult to prove that a particular system is ergodic, we shall

demonstrate some provably ergodic examples in Chapter 3.

2.2.2 The Boltzmann-Gibbs distribution

Returning to our original motivation, we seek to sample the system in a more realistic
setting than is provided in the constant-energy framework. We shall present a brief
summary of the standard results presented in [4, 42} [72], introducing an alternate ‘target
distribution’ for us to sample the system in a manner more consistent with laboratory
experiments.

Consider a system of interest embedded in a much larger system, acting as a heat
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Figure 2.6: Level sets of the energy in phase space (left) are plotted for the system
with potential energy given in , coloured according to their energy level. We also
plot the contribution of the potential energy for each level set (right), as a function
of the position. As both the kinetic and potential energy are bounded below, we can
see in that for some energy levels a high potential energy barrier prevents movement
between invariant sets. Level sets in the shaded regions correspond to energy levels E
where the measure 6[H — E|] can be partitioned into two disconnected regions, violating
ergodicity.

bath. The two systems are assumed to be weakly coupled, so energy is continuously
exchanged between them through a dance of jabbing and poking at each other. This
energy is assumed to be heat, and therefore any equilibrium logically comes in the
form of the systems having matching temperature. The sole transfer between the two
is energy, they do not exchange particles or interact through any sort of mechanical
process.

We call our system of interest the active system, or part A. The heat bath, or the
bulk, is denoted part B. We will assume that the total system has some set of constant
parameters defining its evolution, and attempt to “integrate out” over the degrees of
freedom in the heat bath in order to recover a distribution for the particles in just the
active system.

Let us denote the total energy of the combined system AB as simply F. If our
active system has energy E4 then the energy of the heat bath is Ep = F — E4. In
line with quantum mechanics, we assume that for a constant number of particles, box
volume and energy, there are a discrete number of states that a system can occupy (a
‘state’ here refers to an eigenfunction of the Hamiltonian operator, but the specifics
are not essential). Fixing the box volume for the combined system, we can use our
assumption that the two systems do not exchange particles so that the total number

of states the combined system can be found in depends solely on the energy of the two
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systems. We denote Z(E4, Ep) the total number of potential states the system can
occupy with system A, B having energy F 4, Ep respectively. Combinatorically, we can
write

Z(Ea,Ep) = ZA(Fa) X Zp(ER),

where Z;(F;) denotes the number of states system ¢ can be found in at energy E;.

Taking logarithms and replacing the value for Ep, we have
an(EA, E— EA) = anA(EA) + anB(E — EA).

The crucial assumption is that each of the states in Z(E) is equally probable, and hence
we can find the most likely energy distribution between the systems by maximizing the
value of Z(Ey, Ep), or equivalently maximizing In Z(E4, E — E4). This value of E4
occurs where

d

— I Z(EAs, F — FE4) =
iz, ™ (Ea, 4) =0,

or equivalently where

% InZA(E4) = % In Zp(Ep).

We have assumed that our systems are in thermal equilibrium, but if we had not,
and instead invested the heat bath with the total system energy, we could imagine that
energy would transfer back into system A until the point where this equation is satisfied.
We know from the second law of thermodynamics that this equilibrium occurs when the
entropy of the system is at its maximum, so we use Boltzmann’s famous equation (and

in fact, his epitaph) relating the entropy of a system S to the number of eigenstates Z,

S=kgInZz,

where kp is Boltzmann’s constant kg ~ 1.38 x 10723.J/ K. The temperature of a system
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T, is defined thermodynamically as

1 oS

T =~ OE’

giving, when the system is in thermal equilibrium,

i Za(B) = - Zp(E) =

1 0. 2.4
dE dEp B (2.48)

kT —

We shall refer to the quantity 3 as the system’s inverse or reciprocal temperature.
Consider now the probability P; of finding the subsystem A in state ¢, with energy
FE4 = e;. This is equal to the probability of finding the energy of the heat bath to be

Ep = FE — e;, and hence
P — ZB(E — ei)
[ )
Zj ZB(E—ej)

where the sum in the denominator is over all possible states of the system A.

Expanding the logarithm in a series around FE, we have
IHZB(E — ei) = anB(E) — ﬂei + O(l/E),

using (2.48)). Assuming the total energy of the system is very large, we truncate and

exponentiate to find
P; o exp(—Lfe;),

where all the constants are absorbed into the proportionality sign, as we will normalize
the distribution anyway. Hence the probability of the system A being in a particular
state is proportional to the energy of the state, divided by temperature and exponen-
tiated. This gives the Boltzmann-Gibbs (or canonical) distribution for our system A,

sampled at a constant equilibrium temperature 7', written (when normalized) as

po(e) = 250 ep(BHG),  Zoi [ ep(-GHEE (249

where the parameter § = 1/kgT. This ensemble is sometimes called the NVT en-
semble, due to the a constant number of particles, constant volume, and a constant
(thermodynamical) temperature. As our energy state e; is replaced by our system
Hamiltonian H(z), the energy level of our system should be able to fluctuate as if it
were in equilibrium with our heat bath model.

If our Hamiltonian is of the form
H(q,p) =p "M 'p/2+ Ul(q),

for (¢,p) € Q4 x Q, = Q, as we have considered thus far, then the distribution is

decomposable into

pp(q,p) = 1s(q) x kp(p),
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Figure 2.7: We simulate 100 particles in the plane (left) using a periodic box of length
L = 20, with the Lennard-Jones potential governing all pairwise interactions. The
central particle, marked in red, also feels a double-well potential in both coordinates.
The total system energy (top right) is conserved, with some variance due to numerical
error. The distribution is plotted for the z-coordinate (bottom right) averaged over a
single long trajectory. The experimental result (solid red) shows good agreement with
the expected canonically distributed result (dashed black).

where
1s(q) = Zﬁ_; e U@ Zg, = / e PUWqgq,

q

and

)

kp(p) = Z,@_,lg e OPTM R/ 23,y 1= / e~ MTIp/2qy, (2;> e (det M)Y/2.
Qp
The variables ¢ and p are hence probabilistically independent, with the momenta nor-
mally distributed. Equilibrium averages that are purely a function of momentum be-
come trivial to compute, and our focus will turn to sampling functions of position with
respect to ug, or canonical configurational sampling.

In order to sample from pg, one option would be to simulate the virtual particles
we considered in the heat bath, and compute averages along the trajectory for system
A. As an example, consider as our system of interest a single particle confined to the
plane, and write its instantaneous position ¢ = (z,y)”. If we use periodic boundary

conditions with a box length L, we will aim to sample canonically the potential

U(‘Tay) = ¢dw<x + L/2) + (bdw(y + L/2)7

where recall the double well potential ¢4y : R — R has minima at +1, tethering the
particle near to the centre of the box.
In order to simulate the heat bath, we add a multitude of particles around our system

of interest, drawing their initial velocities canonically from kg, for some prescribed (3.
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In our analysis we required the total energy of the system to be much larger than the
energy of the target system, so we need a very large number of particles in the heat
bath to provide a good approximation.

We will use the Lennard Jones potential to simulate all pairwise interaction, in order
to provide the necessary jostling of adjacent particles required for the weak coupling
(energy transfer) between the target system and heat bath. The Lennard Jones (or
6 — 12 potential) is defined as

P(r) := P12 =6,

where r is the Euclidean distance between any two distinct particles.

We initialise 100 particles on a lattice inside a box of length L = 20, with initial
temperatures drawn from rg using 3 = 1. The Verlet [BAB] scheme was used with a
step size of 6t = 0.01 to propagate the system in time, sampling until 7' = 6 x 10%. We
compare the sampled distribution for the x coordinate of the target system with the
analytical result of ug at 8 = 1. The results, shown in Figure appear surprisingly
good, despite errors from numerical discretization, as well as the finiteness of the heat
bath and time interval.

For more general systems, we could estimate the error in sampling due to the
finiteness of the heat bath by looking at the sampled distribution of momenta, and
comparing it to k3. However ¢ and p are independent in the canonical distribution,
and so large or small errors in the distribution of one does not imply the same in the
other. Of course, this simulation is extremely inefficient. Though the trajectories for
the central particle appear to sample canonically, the heat bath particles outnumber
the target system particles by 99 to 1. This makes it woefully impractical to scale this
method for the simulation of a large cluster of atoms.

What would be preferable is if we could approximate the force terms coming from
the bulk, without requiring us to simulate them. It should be clear that the constant-
energy dynamics we have used so far (sampling the microcanonical ensemble with con-
stant energy F) will not sample the target system canonically (at least, not ergodically)
if we remove the heat bath - such Newtonian trajectories sampling py. cannot access
regions of the phase space where H(z) # E. Regions of the phase space outside the
level sets H(z) = E will have nonzero measure in the canonical ensemble.

However, changing perspective to think of trajectories as tools for sampling a dis-
tribution, we are free to develop any dynamics we wish that samples the canonical
distribution. Even grossly non-physical dynamics are permitted, as our equilibrium
formulation does not describe the time evolution of the system [67] (we shall discuss
such non-Newtonian dynamics in a later section).

We shall describe any dynamics that sample pg as a thermostat, owing to the

‘constant temperature’ nature of the canonical ensemble.
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2.2.3 The Nosé-Hoover thermostat

We first consider perturbing the vector field for Newtonian dynamics, with an aim to
mimic the effect of the heat bath by adding or removing energy from the system. We
shall introduce s additional degrees of freedom § = [£(1),§(2), - - - ,5(5)]T € R?, which will
act as an energy governor in the dynamics. The ‘artificial’ variables £ have their own

invariant distribution, assumed to be independent of the state variables ¢, p, such that

p(q,p,€) = p(q,p) x Z5(&) = pp(q) x rp(p) x Zp(§).

This distribution allows us to integrate out with respect to the artificial variables & and
recover canonical sampling. Nosé introduced an extended Hamiltonian dynamics as a
perturbation of Newtonian dynamics [89, [90], sampling such a distribution. Hoover
later offered a reformulation and time-transformation of Nosé dynamics [55], which

gives the Nosé-Hoover thermostat

-1

wi1=M"p

d

P = VU@ —¢p, (2.50)
d 1 _

a = a (pTM 1P—N/ﬂ) )

for scalar £ € R, where N is the dimensionality of ¢ and p, and Q > 0 is a mass
parameter to be chosen in order to optimize the rate of convergence of averages.

One immediate problem with the dynamics is that some initial conditions do not
provide suitable trajectories, for example, consider the initial condition (qo,po,&o) =
(¢*,0,&), where VU(¢*) = 0. As the perturbed force {p acts along the vector p, if
we start at an equilibrium point for Newtonian dynamics with zero initial momentum,
then the system remains at that point for all time. Such subsets of initial conditions are
called Hoover holes, though as these sets have zero measure (the probability of p = 0
is zero) ergodicity does not suffer.

We may hope to prevent choosing such degenerate initial conditions by sampling
the initial momenta canonically, though this strategy will not always save us. If initial
conditions go, po are chosen such that VU (qgo + Apg) x po = 0 for all scalar A, then the
system will remain confined to the space [qo + Apo, upo, &] for A, u, & € R.

We show that the Nosé-Hoover dynamics preserve the extended canonical distribu-

tion, given as

pnh(vaa {) = ,Oﬁ(q,p) X exp(—ﬂQ£2/2) X \/62275

Recall that the evolution of distribution is given by the Liouville equation

9 .
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Hence we require

0

apnh = ‘C;h pnh =0,
where L7, is the characteristic evolution operator given by the dynamics, and computed
as the adjoint of the Lie derivative. For the Hamiltonian H(q,p) = p? M~'p/2 +U(q),
the dynamics (2.50|) can be split up into

a | 0

wl? = JVH(q,p)+ 1 —&p
h o "M ~'p—N/B)

rS

Using (2.26]) we can split the operator similarly, writing £, = E’}l +/3}2 for correspond-
ing vector fields fi; and fo. The operator E}l =L}

e comes from the Newtonian part

of the splitting, and hence it will preserve any function of the Hamiltonian, including

Pnh- 1t remains to demonstrate that E?Q pnn = 0, where

9
Lip=Vy-(Epp) - 22 (»"M~'p—N/B) 2"

From its definition, we compute

L}, pun = % (Vp - (Epra(p) + 86 (" M~p — N/B) rs(p)) upg)e P96 /2,
= (&(N = pp- M'p) + B¢ (b7 M~'p = N/B)) pun,
=0,

and hence the canonical distribution is preserved under the dynamics. Thus, assuming
ergodicity, computed trajectories will sample the Boltzmann-Gibbs distribution, as the
time average will equal the space average.

As already discussed, proving ergodicity for the dynamics can be a challenging task.
The Nosé-Hoover thermostat has been shown to be non-ergodic in the case of ) — oo,
but for more practical choices of the ‘thermostat mass’ parameter @), there is strong
numerical evidence against ergodicity [66]. The qualitative differences between the
canonical distribution and computed distributions for systems of low-dimensionality, or
particularly stiff systems can be dramatic. To try and resolve this ergodicity issue, the
Nosé-Hoover chains dynamics were introduced [78], which add a multitude of additional
artificial degrees of freedom to the system, and couple them together in an effort to more
aggressively thermostat the dynamics. The artificial variables are coupled consecutively
by index: adding s artificial variables, we denote £ as a vector £ = [5(1),5(2), e ,§(S)]T

and think of each §(;) variable as being a link in a harmonic chain. The dynamics is
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then

d _
9= 'p,
d
P = VU@ -¢up,
TR o (" M~'p = N/B = &) (2.51)
d 1 , .
3756 = i-1)&6—1) — /8 = &@)&a ) I<i<s,
s = Qg (Q( néi-ny — /8 = Em& +1)>
d 1
e = o (Q(s—l)f(Qs—l) - 1/ﬂ> :

where we recover the original Nosé-Hoover dynamics as a special case for s = 1. The
dynamics can be shown to preserve the target distribution punc, where

s Qﬁ s/2
punc(q;p,€) = pa(q,p) X exp (‘ﬂZQ(i>§(2i>/2> - (27r> ’
i=1

which will give canonical sampling of the (q,p) space, if the sampling is ergodic. In
numerical experiments, ergodicity is shown to be markedly improved when using NHC
over NH, particularly in the case of large s.

The choice of the thermostat masses ;) are also a central issue in the dynamics,
we must choose sensible values for the s-many parameters. Ideally the dynamics should
be ergodic for any choice of the masses, but in practice even in simple models we can
easily find ‘wrong’ values in sensible ranges.

We demonstrate this by using the Nosé-Hoover chains thermostat (with s = 2) to

canonically sample the system with Hamiltonian

H(q,p) = ¢*/2+p*/2,

where (¢,p) € R?, and 3 = 1. The left plot in Figure demonstrates the tail of a 10°-
step trajectory of points g, pn, 5(1),,1] € R3, computed using thermostat masses Qu) =
0.07 and Q) = 12, propagated numerically at a small step size 6t = 5 x 104, The
parameter values chosen are reasonable for a simulation, but instead of the normally
distributed cloud of points we would expect in canonical sampling (discretized points
should be weighted according to punc) we find the trajectory traces out a torus. The
small step size used implies that the qualitative behaviour exhibited is not a numerical
artifact, but instead a product of resonance effects in the system.

It is clear from the plot that the value of ¢> averaged along the trajectory will not
equal the canonical space average of 1. We can see the effect of varying the thermostat
masses by considering a 100 x 100 grid of points in a small region of parameter space
(Q), Q) € R2. We run an experiment for each parameter set defined by a gridpoint,
and plot the resulting error in the time average in the right panel of Figure It is

clear that there is a well-defined region in the parameter space where the converged
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Figure 2.8: We plot points along a single trajectory (left) of the Nosé-Hoover chains
dynamics for the one-dimensional harmonic oscillator. We use s = 2, with
thermostat masses ;) = 0.07 and Q) = 12 for initial values ¢(0) = 1.075, and
p(0) = &(1)(0) = £(2)(0) = 0. A portion of the trajectory is plotted in red. Results were
computed using a very small step size of 6t = 5 x 10~ to ensure numerical error is not
the cause of any sampling errors. The absolute difference between the time and space
averages of ¢2 is plotted (right) in a 100 x 100 grid, where each gridpoint corresponding
to a numerical experiment with masses given by the horizontal and vertical positions
(using the same initial condition as the left plot). Gridpoints are coloured according to
the difference between observed averages (along the trajectory) and canonical averages
- ergodicity requires the two be commensurate. The yellow cross marks the gridpoint
whose experiment corresponds to the left figure.

observed average along trajectories is starkly different to the analytic spatial average.

Though in more complicated systems we would perhaps not expect qualitative errors
quite as pronounced as this example, the importance of parameter selection in this
method cannot be overstated. By coupling deterministically to the heat bath and
incorrectly choosing the masses we run the risk of introducing resonance phenomena
that can corrupt averages and warp the trajectories.

The use of the Nosé-Hoover thermostat is still widespread however, as the ergodicity
issues demonstrated are rarely so pronounced in large systems where the dynamics are
not trapped close to one minima. Additionally, numerical experiments have shown that
the thermostat is gentle [35], in the sense that computed dynamical quantities (such
as correlation functions) have an error inversely proportional to the total system size.
We demonstrate a dynamics in Section that improves ergodicity without sacrificing
this gentle quality.
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Chapter 3

Stochastic thermostats

In order to resolve the issues of ergodicity, and generate trajectories sampling only the
canonical distribution, we shall move away from deterministic dynamics and consider
approximation of the external heat bath using a stochastic force term. We should
expect that adding a random term to the dynamics in the correct way could banish
ergodicity issues, as the stochasticity could be contrived to give a nonzero probability

of transition between any two regions of the phase space.

3.1 Stochastic dynamics

In this section we shall develop some fundamental concepts and tools for stochastic
analysis, to allow us to extend many of the machinery we have introduced in the
previous chapter to the realm of stochastic differential equations. We present a brief

summary of many of the core results in [44. [63], 86}, 91]

3.1.1 The Fokker-Planck equation

We begin with the most fundamental term in stochastic calculus: the Wiener process
W (t). We can think of W (t) as being a white noise term: a random walk with W (0) := 0
and on average (i.e. taking a large number of realizations of W (t)) W (t) ~ N(0,t).
Wiener increments between times ¢ and s are independent for non-overlapping intervals,
with

W(t) — W(s) ~N(0, |t —s|) ~ /|t —s|N(0,1). (3.1)

The independence of successive increments of the Wiener process gives rise to a Marko-
vian property, in that its future probable behaviour depends solely on its current state,
and not its history. This greatly simplifies the probabilistic analysis.

We shall consider the evolution of stochastic differential equations (SDEs) of the

form

dz = f(z)dt + g(z) dW, (3.2)

for z € RNV, f : RY — RN and g : RY — RV*N. The vector dW represents an
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infinitesimal Wiener increment of N random Wiener processes. In some literature, it is
instead written as a v/dt due to to the variance given in . If g(z) = o for constant
o # 0, then we describe the SDE as using additive noise, whereas for non-constant g(z)
we have the more complicated multiplicative noise case enabling a wide spectrum of
phenomena to be modelled. We shall primarily focus on additive noise in this thesis.

We now seek an analogue to the Lie derivative, governing the evolution of functions
with respect to solutions of . Evidently, due to the stochastic nature of the solu-
tions, we will instead consider the evolution of averages, rather than the evolution of
specific trajectories.

For any continuously twice-differentiable function ¢ : R?Y — R, the Ito (or Ito-

Doeblin) formula gives its evolution as
1
dp = Vo - (f() dt+ (=) AW) + 3 (9(=)9(2)") : V26 dt, (3.3)

where A : B = trace(ABT) =, >_; A;Bj defines the Frobenius product, and recall we
denote V2¢ = VV7 ¢ as the Hessian matrix of second derivatives. Taking expectations,
we find

E[d¢] =E[V6- f(2)] dt + JE [(9(2)e(=)") : V2]
and hence defining an operator £ such that
£6=1(2)- Vo + 5o()g(=) : V%, (34)

we have the evolution of the expectation of a function ¢ governed by

E[d¢] =E[L¢], or  Lé(z)=lim Elp(=(t))] — ¢((0))

t—0 t

This operator £ is the infinitesimal generator of the process serves a similar
purpose to Lie derivative in the deterministic setting (in fact, it reduces to the Lie
derivative for g(z) = 0). Similarly we seek an analogue to the Liouville equation
for the propagation of a distribution of initial conditions p(z,t). For any time ¢, where
¢ grows at most polynomially fast as z — Z4oo, its expectation with respect to the
distribution p(z,t) is well defined:

E{p(z(1)] = (¢(2), p(2,1)) = /ch(Z)p(zvt)dZ-
Differentiating with respect to t, we have
d dp
FELCOI = [ 660,

but as this quantity is given by E[Lp] = (L¢(2),p(z,t)), taking the adjoint of the
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operator L gives

| 9 301z = (002, £ 1),

where £* described the L? adjoint mapping of the generator £, easily computed as

Lp(z,1) = =V - (f(2)p(z,1)) + %Vi :9(2)9(2)"p, (3.5)

where V, indicates derivatives with respect to the spatial dimensions. Thus, for the
SDE (j3.2) we have the Fokker-Planck (or forward Kolmogorov) equation

9 .
ap(zat) =L p(z,t),

governing the evolution of distributions of trajectories.

A distribution p(z) is described as invariant (or stationary) if £*p(z) = 0. In the
special case g(z) = 0 the Fokker-Planck equation becomes the Liouville equation
with £* reducing to the Liouvillian. Hence we can view £ and L£* as appropriate
generalizations of deterministic dynamics.

The solution to the SDE is found exactly as in the deterministic case; contin-

uing to treat integrals in an Ito sense, integration yields

/ F((s))ds + / g(=(s))dIW (s).

In order to evaluate the stochastic integral, we make use of the following standard

proposition:
Proposition 3.6 (Ito Isometry). The stochastic integral I(t fo is itself
a normally distributed stochastic process, with mean 0 and variance fo ds

We omit the proof here but point the interested reader towards any standard text
on SDEs, such as [44], 63].
Of particular use, and of central importance in this thesis, is the Ornstein-Uhlenbeck

(OU) process for z € RY, given as
dz = —yzdt + o dW, (3.7)

for a positive real constant v and positive definite matrix o = diag(oq,...,on). Mul-
tiplying by e we can write
d (ze”t) = gt dW,

and hence integrating from 0 to ¢, we find

2(t) =e 2 o teV(S_t) s).
(t) = e 2(0) + /0 aw(s)
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Using Proposition [3.6] to evaluate the integral, we have
t
/ 160 A () ~ A (0, (1)),
0
where

t 2 1— 672'yt
c(t) = / ) qs=— —
®) 0 ( ) 2y

This allows us to write the exact solution to (3.7) for t > 0 as
o
2(t) = e 7 2(0) + —== /1 — exp(—27t) Ry,
V2y

where we think of Ry ~ N(0,1). The Fokker-Planck (forward Kolmogorov) operator
for this process £, can be computed directly from the definition (3.5) as

1
Lip=7V-(zp) + §V -oVp. (3.8)
If we consider a distribution
v(z) x exp (-2 Xz/2),

for diagonal positive-definite matrix X, then

2

Liwv(z)oxy (N - zTXz) v(z) + % (-NX + zTXQz) v(z),

2

and hence choosing X = 2yo~* we have

Liv(z)=0.

Notably the choice of o = \/2v/3 M 1/2 provides invariance if X = 8 M~!. Hence for

this choice of ¢ and arbitrary v > 0 we have
Likp(z) =0, (3.9)

where recall kg defines the normalized canonical momentum distribution function

- B 9\ N/2
/ﬁjﬁ(p) = Z/J‘_}; e*ﬁpTM 1p/2’ Zg = /Q e*ﬁpTM lp/gdp _ <Ig> (det M)l/Q.

)

P

The relationship between ¢ and v describes the dynamics satisfying a fluctuation-
dissipation law, balancing the odW (random fluctuation term) with the friction force
vz (dissipation term).

If we imagine as a process in the momenta p, then the SDE mimics the force
term resulting from the barrage of surrounding solvent particles, along with the drag

force proportional to its momentum. We can add this SDE term to Hamiltonian dynam-
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ics (or equivalently replace the —&p term in Nosé-Hoover dynamics) in the momenta,
to replicate the forces the system feels from the heat bath. By choosing the magnitude
of the fluctuation term to satisfy the fluctuation-dissipation law (which amounts to the

correct choice for the matrix o in the OU process in (3.7))) gives Langevin dynamics

dg = M~ 'pdt,

3.10
dp = —VU(q) dt — ypdt + \/2~/3 M/ dW. (3.10)

Due to the linearity of the Fokker-Planck operator in the deterministic part (Liouvil-
lian), we can see that, splitting the vector field (3.10]) into

dg | | M7 N 0
dp | | =VU(q) —ypdt + \/2v/BMY2dW |
me ou

the Fokker-Planck operator for Langevin dynamics L] is given by the sum of the
microcanonical Liouvillian term (2.43]) and the Ornstein-Uhlenbeck Fokker-Planck op-
erator (3.8]) acting in the momentum. The operator is then

EEDP = E:(ncp—i_ﬁzupa

B (3.11)
=VU(q) - Vpp— M 'p-Vep+V, - (pp) + o

ﬁvp - MV pp.

We have already seen that L3 . F(H(q,p)) = 0 for arbitrary F, and it is clear that
L:.G(q)kg(p) = 0 for arbitrary G, as the OU process only acts in the momentum.
Hence using (3.9) we plainly have

Lipps(e,p) =0, (3.12)

where pg is the canonical Boltzmann-Gibbs distribution given in . Of course this
statement alone is not all that meaningful for the purposes of canonical sampling: both
Nosé-Hoover dynamics and the constant energy microcanonical dynamics also preserve
this distribution. Recall that the preservation of the canonical measure along with
ergodicity are necessary for the time average of sampled dynamical trajectories to be
commensurate with the spatial average with respect to the weighting pg, the latter

being the ultimate goal for our molecular dynamics simulations.

3.1.2 Hormander’s condition

We would expect that, due to the stochastic nature of the dynamics, evolution under
Langevin dynamics provides a means for the system to access almost any state
z € Q (given sufficient smoothness of U(gq)). The implication is that ergodicity will
benefit-how can we separate our phase space into two or more disconnected pieces,

if the momentum could take almost any value? We shall describe a condition for
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ergodicity by checking that this stochastic perturbation is coupled sufficiently to the
system to allow it to access all regions of the phase space 2.

We have seen that the Fokker-Planck operator governing the evolution of the
measure for an SDE is a second order partial differential operator with C*° coeflicients.
Any second order differential operator with C'°° coefficients £ is called hypoelliptic on
an open subset U C  if, for all distributional solutions p satisfying Lp = 0, p is C*°.
A hypoelliptic Fokker-Planck operator implies that a nontrivial C'* invariant solution
is unique (up to a constant multiple), as if there were multiple nontrivial solutions
then we could construct a non-smooth solution violating its hypoellipticity [85] 098]. A
sufficient condition for the hypoellipticity of the Fokker-Planck operator of comes

from Hormander’s condition.

Definition 3.13. For an open set U C €1, we say the C* vector fields

90,91, ---,9N, QZU%Q

satisfy Hormander’s condition at a point z € U if the ideal generated by the vector fields

at a point z constitutes a basis for the phase space €2,

Q g Span(g()aglv ---gN, [gDagl] ) [.90592] gee ey [nggNZI] 3 [g(]v [g[)agl” PR ) .

The Lie bracket for two vectors u and v is given as [u,v] = v'u — u'v, where the v/
is the Jacobian of the vector field u. For large systems, computing the basis vectors for
general U(q) can be a daunting task. The central application of Hérmander’s condition

is Hormander’s theorem [506, [8§].

Theorem 3.14 (Hormander). If the SDE is given as (3.2]), with the vector field f(z)
and each of the columns of the matriz g(z) satisfying Hormander’s condition, then
its associated Fokker-Planck evolution operator L* is hypoelliptic. Hence the partial

differential equation

has a unique C°° solution.

The strategy for proving ergodicity in the stochastic context is straightforward, if
repetitive. We aim to show the Lie brackets of combinations of the deterministic vector
field f(z) and the columns of g(z) in provide a basis for the phase space. For
example, we consider Langevin dynamics with ¢,p € RV, where, comparing with
Definition we have

M1 2 0
P 3 9i = l 1/2 1§Z§N)
~VU(q) —p B M

)

go =

for positive constants -, 3, and positive definite mass matrix M where M; denotes the

ith column of M. The constant vectors g; for i > 0 span half of the phase space on
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their own (the momentum space R™), but we require the whole of Q = R?V to have a

basis for ergodicity. We compute for 1 <i < N

0 M o | /[ M
~V2U(q) —vln ]\42-1/2 VB —yMil/z ’

and hence the span of the vectors g; and [go, g;] clearly provide a full basis for the

2y

(90, 9i] =0 — gogi = 5

phase space €, verifying Hormander’s condition. The Langevin dynamics operator
Lip is therefore hypoelliptic by Theorem and hence by pg is the unique
invariant solution, assuming smoothness of the potential energy function U(g). We
expect that Langevin dynamics trajectories will sample the canonical distribution er-
godically. What’s more, unlike the case of Nosé-Hoover chains in Figure [2.8] we have
considerable flexibility in our choice of parameter, as for all values of v > 0 Héormander’s

condition is satisfied.

3.2 Nosé-Hoover Langevin dynamics

The Nosé-Hoover Langevin dynamics, introduced by Samoletov, Dettmann and Chap-
lain in [103], couples an Ornstein-Uhlenbeck process to the artificial variable in Nosé-
Hoover dynamics , in an effort to improve the lack of ergodicity demonstrated in
Figure whilst still sampling canonically. In the deterministic setting, the behaviour
of the Nosé-Hoover and Nosé-Hoover Chain thermostats were sensitive to the choice of
mass parameters (), with invariant tori observed in simple models trapping trajectories
in regions of the phase space. Adding the OU process to the artificial variable instead
of the momentum (as in Langevin dynamics ) gives a milder perturbation to the
dynamics as the particles do not feel a direct random force that leads to fast decorre-
lation. The result is a thermostat that is both provably ergodic (unlike Nosé-Hoover)
and gentle (unlike Langevin dynamics) in that there are smaller random perturbations
to the dynamics [70]. Computational benefits may be derived also as the number of
random values required is independent of the number of degrees of freedom N (as & is
a scalar).
The relevant SDEs become

dg = M~ 'pdt,
dp = —VU(q)dt — {pdt, (3.15)
dé = Q' (p" M~ 'p — N/B) dt — v&dt + o dw.

where w is a scalar Wiener process. If a distribution p is a stationary solution of the

Fokker-Planck equation for these dynamics, then

Limpe = (Lon +L5,) p =0,
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where the £}, operator acts on the artificial variable £ in this context. It was shown
in Section 2.2.3] that the extended canonical distribution

QB

pnh(qvpaf) = pﬁ(Qap) X exp(—ﬁQ£2/2) X %7

was invariant under Nosé-Hoover dynamics, and hence L}, pni, = 0. It is easily shown

that choosing o = 1/2v/(Qp) in (3.15) gives L} pnp = 0, and hence
LiniPan = 0.

We summarize the proof of [70], demonstrating the ergodicity of the dynamics in the
case of a quadratic potential U(q) = ¢ Bq/2, by applying Theoremwith the results
in [70]. For simplicity, we can choose f = v = @ = 1, with M = Iy (this amounts
to a change of coordinates). Additionally we select a coordinate system such that B
is diagonal, with B = diag(w1,ws, ...,wy) where each w; is positive and distinct. The

deterministic and stochastic vector fields become

p 0
go = -Bq—-&p |, and g1=1| 0
pp—N-¢ V2

We can then compute the Lie brackets

0
1
Xo=——7 [ ) \/§+ ] = )
0 7 g1.§ g1/ 90 P
0
p
Xi=go—(p-p-N-8q/V2-E(Xo=| —Bq |,
0
p
Yy = [Xo,X4]=| Bq |,
0
and define for £k > 1
1 1
Zy = i[YkaXlL Yi+1 :_§[Zk7X1}‘
It can then be shown by induction that
Bk—lp qu
Yk = qu 5 Zk = _ka ’
0 0

where it easily checked that the basic case is satisfied for £ = 1, and hence assuming

64



true for k we have
1 ka
Yk-i-l = _5 [ZIC’XI] = BkJrlq )
0

and similarly
. Bk+1q
Zr+1 = 5 Yarn, Xa] = BFtlp |,
0

as required. Due to the g7 vector spanning the £ space, it is evidently enough to show
that
Spa‘n(}/lv Z17Y27 Z?a ce. 7YN7 ZN) - RzNa

which is equivalent to the condition that for any (z,y) € R?", we can find coefficients
(a,b) € RN such that

N
> (arYe + brZy) = (2,y).
k=1

We can rewrite this condition as

Y 0
0o Vv

diag(B~'p)  diag(q)
diag(q)  —diag(p)

1-12 ow

where V is the N x N Vandermonde matrix given by V;; = wf , with nonzero determi-
nant. Hence we can solve (3.16)) as long as its leftmost matrix has nonzero determinant,

which requires

(¢.p) €U ={(g;p)| }/wi+ ;) #0 V1<i<N}CR?M

Hence the dynamics will be ergodic on the space U x R. The complement of U
in R?N is precisely the Hoover holes, discussed in Section which is unsurprising
given the perturbation made to the original Nosé-Hoover dynamics was solely through
the artificial variable. We could consider adding another OU process to the momenta
if we wished to wipe out the Hoover holes, though. as the measure of the inaccessible
set will be 0, we consider NHL ergodic on R*V*! for this potential, where we choose
appropriate initial conditions (¢(0),p(0),£(0)) € U x R for sampling.

The harmonic case (where U(q) quadratic) is one of the most relevant for molecu-
lar dynamics as many molecular models contain strong bonds modelled with a linear
restoring force, that will prevent the thermostat from thermalizing the system effi-
ciently. For more general potential energy functions it is conjectured that ergodicity
is retained, but the more involved calculation for general U(g) makes computation of
the iterated Lie brackets challenging. This is contrary to Langevin dynamics, where
the strong coupling of the OU process to the momenta made ergodicity much easier to

prove using Héormander’s condition.
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However, it is precisely the mild stochastic coupling that makes NHL dynamics
often a good choice for a thermostatted dynamics. It introduces a relatively small
perturbation to the overall dynamics that makes for a more gentle thermostat than
Langevin dynamics which can corrupt correlation functions for modest choices of
friction. If the goal is to calculate system transport constants using Green-Kubo like
formulas (such as integrated correlation functions in the case of the diffusion constant)
then the NHL thermostat provides ergodic dynamics suitable for computing such quan-
tities. The trade-off is that the system will approach equilibrium more slowly compared
to Langevin dynamics, which thermalizes quickly due to the stronger coupling in every

degree of freedom.

3.3 Non-Newtonian dynamical sampling

If equilibrium sampling is our goal, then in principle we may choose any ergodic dynam-
ics that samples canonically. We may use any artificial variables we wish, as long as we
can recover pg when taking the marginal distribution (i.e. integrating out). Specifically,
we seek to sample functions purely of position, then we need not even use momentum
at all, as in the case of Brownian (or Smoluchowski) dynamics [32].

Methods of sampling canonically in equilibrium can be devised that use dynamical
information to evolve the system, but artificially regulate the temperature at each step,
such as velocity rescaling or the Andersen thermostat [5]. Alternately methods can be
devised for sampling that are completely dynamics-free, the most popular being Monte
Carlo (MC) methods [47, 52, [75].

Our focus however will remain on dynamical thermostat methods, where system
trajectories are governed solely by differential equations and require no external or
auxiliary devices to maintain sampling. The thermostat methods introduced so far
have been built upon the Newtonian dynamics encountered in Chapter 2, where in
the case of Langevin and Nosé-Hoover Langevin we have added an Ornstein-Uhlenbeck
process to the dynamics to improve ergodicity. There is no reason to only perturb
Newtonian dynamics if our sole goal is equilibrium sampling, we can choose a dynamics
that preserves pg and add OU processes in any degrees of freedom we wish (as long as
they are normally distributed) in an effort to sample ergodically (such as GBK schemes
introduced in [67]). There are many options for dynamical systems which leave invariant
the canonical measure, one may consider arbitrary extensions of the dynamical system
by the addition of auxiliary variables, together with interactions which have suitable
invariance properties. Potentially these new dynamics could benefit from improved
stability (in terms of a discretized step size threshold), efficiency (in terms of rate-of-
convergence towards equilibrium) or features amenable to computational exploitation.

To illustrate, we introduce a new GBK method stochastic line sampling (SLS) dy-
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namics as

dq EM1p 0
dp | = 0 dt + | —ypdt + /2v/BMYV2dW |, (3.17)
dg -Q 'p"M~'VU(q) —A§dt + /29//(QB) dw

sls‘:(riet sls:ou

for position ¢ € RY, momentum p € RY and an artificial variable ¢ € R with real
positive parameters v, A and ), where § is the inverse temperature and there are
independent noise processes W (a vector of length V) and w (a scalar Wiener process).
Noting that the OU process defining the fluctuations in p is completely decoupled from
q and &, it is perhaps more natural to think of the dynamics as a random walk on
the reduced space (g, &), where its direction of travel is generated by an auxiliary OU
process.

For small v the momentum vector varies slowly, and we think of the position ¢
sampling along the line p in phase space, where the scalar artificial variable £ determines
the velocity in the direction p. Thus we refer to these dynamics as line sampling.

In order to show that these dynamics sample the canonical position distribution
ps(q) ergodically, we shall demonstrate that the unique stationary solution to its

Fokker-Planck equation pgy is the distribution

psis(@,0,€) = pun(a, 1, €) = pp(g,p) X exp(=BQE}/2) x 4/ %f (3.18)

The evolution of measure for the dynamics is governed by its Fokker-Planck opera-

tor, computed as the sum of the operators corresponding to the additive splitting given

in (17,

* * *
‘Csls - ‘Csls:det + Esls:ou'

It is obvious that, as the sum of distinct Ornstein-Uhlenbeck processes,
Lisouf1(q) exp(=pp" M~1p/2 — QE?/2) = 0,

for arbitrary fi(q), and hence L. psis = 0. It remains to show that the deterministic

part also preserves the prescribed measure. Taking the Lie derivative, we can see that

N _ _ _ 0
sls:det — —§M 1p : vq + Q 1pTM 1VU(Q)87§7
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and hence, for arbitrary fo(p) we have

E:ls:detf2(p) exp(—ﬁU(q) - ﬁQ§2/2)

- fz(p)Q_lpTM_1VU(Q)§§ exp(—BU(q) — BQE*/2)

— fa(p)éM'p - Vyexp(—BU(q) — BQE/2),
= (BM~'p-VU(q) — p" M~'VU(q)) £ exp(—BU(q) — BQE*/2)g(p),
=0.

Therefore L3 4:0s1s = 0 and hence pgg is preserved under the dynamics (3.17). To
show that we sample ergodically we apply Theorem with

EM~'p 0 0
bo = —p b= | JEMP | b= 0,
Q7' pTMIVU(q) — 7€ 0 o

where 1 < i < N, denoting the i** column of M by M;. Defining
V20 (QB)Mp
0

0

co=[b b]—i—#b =
0 N+1,bo VO] N+1

)

it is clear that Hérmander’s condition is satisfied for all (g, p, &) € Q, as
Span (bl, bg, N bN, b]v+1, C1,C9,y ... ,CN) = R2N+1 = Q,

where
207! AN (QM;
0

¢ = [co, bi] =

il

0

for 1 < ¢ < N. Hence the operator L7 is hypoelliptic, and we expect the stochastic
line sampling dynamics to be ergodic with respect to the distribution pgs. Due to the
statistical independence of each of the state variables, we can integrate out with respect
to £ to recover ergodic canonical sampling with respect to pg.

We compare the trajectories and invariant distributions of the non-Newtonian ther-
mostat (3.17) with the three Newtonian-based thermostats: Langevin dynamics ,
Nosé-Hoover dynamics and Nosé-Hoover Langevin . We seek to canonically

sample a one-dimensional system with double-well potential energy function given as

Ulq) = (¢* = 1)%.

Choosing parameters § = M = v = A = @ = 1 for the methods, we select arbitrary
initial conditions (away from Hoover holes) ¢(0) = p(0) = 1 and £(0) = 0.5. We choose
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Figure 3.1: We plot trajectories (left) and long-time distributions (right) for a num-
ber of thermostatted dynamics. A lack of ergodicity in the case of the deterministic
Nosé-Hoover thermostat prevents sampling ergodically, when compared to the exact
distributions in bold.

our timestep dt = 0.01 sufficiently small to eliminate the possibility of numerical errors
warping the results.

In Figure [3.1] we give a realization of a trajectory computed using each dynam-
ics, in the [g,p] plane. The Nosé-Hoover and Nosé-Hoover Langevin trajectories are
significantly smoother than the others, indicating that these offer much more gentle
thermostat techniques to reduce the perturbation to the dynamics. However, the Nosé-
Hoover thermostat appears to remain stuck in a periodic cycle preventing exploration
of the space. This behaviour persisted using other initial conditions and parameter
values, indicating that it is symptomatic of a lack of ergodicity in the system.

By contrast, it is clear that the non-Newtonian thermostat explores the space in a
very different way to the Newtonian-based thermostats. However, even in this small
model we find that this is not necessarily advantageous, as the space is explored very

slowly along the line p (whose direction also changes slowly). It is possible that this
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different type of exploration of the phase space could be advantageous in certain models
(for example the linear stability threshold for step size may be different), however we
find that exploiting this difference may involve tuning the three parameters v, () and
A, making it more difficult to work with than Langevin dynamics (which only requires
one parameter 7). As such, we think of Stochastic Line Sampling as an illustrative
example, rather than as a practical option.

We also plot a histogram of the distributions of the position and momentum in Fig-
ure computed from a single trajectory of 10° discrete points. Overlaying the exact
expected result pg, we can see the three stochastic methods perform excellently, whereas
the results from using the Nosé-Hoover thermostat reveal extremely poor sampling as
a result of the trajectory being trapped.

We would expect that using Nosé-Hoover Chains may provide deterministic,
ergodic sampling, by using a sufficiently long chain of artificial variables and correctly
chosen mass parameters ;. However, the choice of these parameter values may prove
crucial to the ergodicity of the dynamics, was shown in Figure [2.8 Therefore, we
suggest that for equilibrium canonical sampling it is far more efficient to use a stochastic
thermostat, in comparison to the ergodicity issues and additional parameter tuning

required in the case of deterministic thermostats.
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Chapter 4

Splitting methods for Langevin

dynamics

In this chapter we provide a framework for the development of suitable numerical
methods for Langevin dynamics and rigorous numerical analysis of the sampling bias
introduced by the discretization, by considering a splitting (additive decomposition)
approach similar to the work presented in Chapter 2. We present the results from work
with B. Leimkuhler in [68] along with work completed in collaboration with G. Stoltz
in Sections [4.1] and [£.3] Section [4.1] defines the splitting strategy we will consider in
the following analysis, as well as presenting a framework for other strategies. Section
[4.3] describes the behaviour of the discretization schemes in the case of infinite friction
(the overdamped regime of Langevin dynamics), where one method is shown to have a
superconvergence property owing to a cancellation at leading order.

Section 4.2 combines work for error estimates in harmonic models, originally pre-
sented in [69], with new results computing error estimates using a small nonlinear
perturbation. As the harmonic case is often the most relevant for much of molecular
dynamics simulation, the work gives insight into many of the results presented in Sec-
tion 5.3, where we apply the schemes to a solvated biomolecule. Additionally we give
some results for the stability of Langevin dynamics for linear systems when using mul-
tiple timestepping schemes, that we will directly to the results for the rRESPA scheme
in Section

4.1 Foundations for stochastic splitting

We focus on the weak accuracy properties of a numerical method, which describes the
corruption in the law of trajectories in the large time limit. In principle such errors can
be eliminated completely through the use of Metropolis acceptance tests [13, 29, [74],
though this can destroy the dynamical properties of the system, or become prohibitively
costly to implement due to the rejection criteria.

In recent years, there has been widespread interest in multiscale methods for en-
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hanced sampling [10, 57, 62, R1] and such methods likely offer the best approach to
bridging the timescale gap. We observe that work on enhanced numerical schemes for
computing thermodynamically sound trajectories in molecular dynamics remains es-
sential, as it plays a crucial underpinning role in all the enhanced sampling approaches.

We will not make explicit mention of hybrid Monte-Carlo [29, [74] or other schemes
based on Metropolis correction [13], although these could be used in conjunction with
several of the splitting methods given for Langevin dynamics. The improvement in
thermodynamic sampling obtained through the use of more accurate Langevin inte-
grators may, in some cases, provide an alternative to Metropolis-based correction in
the practical setting. All methods under discussion require one force evaluation per
iteration, and hence have practically the same computational cost.

Methods constructed and analyzed will be based upon splitting the SDE vector
field just as for deterministic molecular dynamics, where this type of analysis has also
been used for the correction of averages [I1), 25]. The approach used here may be
compared to other recent works on stochastic numerical methods, and, in particular
[1, 12, 15 82, 87, 108, 111, 130]. Our approach differs in that we seek the explicit
quantification of the errors (the perfect sampling bias) introduced in discretization,
through the use of the Baker-Campbell-Hausdorff formula. In typical cases which
would be relevant for molecular simulation, the error introduced in averages using such
methods would be second order in the timestep (i.e. would go to zero quadratically as
the step size is reduced).

Our focus on the error arising from discretization is motivated by the extremely
long-time simulations that are conducted in many molecular dynamics applications. Of
course in practical simulation, many other sources of statistical error exists. Sampling
error is generally considered to be the dominant error term in numerical simulation
This error comes from two sources: generating a finite number of points (or samples)
in our discretized trajectory, and integrating over a finite time interval (as the equality
between time and space average is only in the limit of infinite time).

As sampling error is seperate from discretization error, we shall assume that we
are able to conduct perfect sampling of the dynamics’ native distribution using our
numerical method, and hence the only observed errors will be the perfect sampling bias
introduced in the numerical discretization. We will discuss other sources of error for

particular examples.

4.1.1 Preliminaries

We shall consider a system described by n particles in a d-dimensional setting, with
N = dn the total dimensionality of the instantaneous system position and momenta ¢, p
respectively. While the momenta are unrestricted (p € RY), we shall consider only the
case of compact position space for the following analysis. Periodic boundary conditions
shall be assumed, so that ¢ € M = (LT)", where T = R/Z is the unit torus and L > 0

is the box length (this assumption is commensurate with practical MD simulation). We
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write the full state space as Q where (¢,p) =z € Q = M x RV,

The system Hamiltonian is
H(q,p) =p"M~'p/2+U(g),

for diagonal mass matrix M, and a C* potential energy function U : M — R (bounded
below) describing all particle interactions. The restriction on the smoothness of the
potential greatly simplifies the later analysis, but in the molecular dynamics context it
can seem far too restrictive. One of the most commonly used potential energy functions
is the Lennard-Jones potential

g1 02

Uy(r) = Az 6

for interatomic separation r and positive constants o; > 0. This potential emulates
the strong repulsion felt between two particles, evidently blowing up as two particles
come in close proximity. However, the salient features of this potential, such as the

12 wall, can be replicated through the use of smooth functions such as Morse

steep
or Buckingham potentials. In practice, configurations remain far from singular points,
and it is reasonable to expect that identical results are achieved either by restricting
the domain or using a smooth cutoff to remove the singularity.

Our goal is to compute integrals with respect to the canonical distribution

ps(a:p) = Z~ e PP = pus(q)rp(p), (4.1)
palq) = Z, e PV gg(p) = Z e PPTM TR/,

K

where 3 = 1/kpT for Boltzmann’s constant kp and temperature parameter 7' and

N

Z:/eﬁH(q’p)dqdp, Zu:/ e*ﬁU(q)dq, an/ e*ﬁpTM—lp/de'
Q M R

The system momenta are Gaussian distributed according to kg while the configurational
distribution pg is significantly more complex. A robust and flexible choice for sampling

the canonical distribution ergodically is given by Langevin dynamics,

dg = M~ 'pdt,

(4.2
dp:—VU(q)dt—ypdt—l—\/27/[3M1/2dI/V, )

where v > 0 is a (free) scalar parameter modelling friction and W = W (t) denotes a
vector of N i.i.d. Wiener random processes (white noise) that approximate the effects
of a coupled heat bath bombarding the system under study. The infinitesimal generator

for Langevin dynamics, computed from the L? adjoint of its Fokker-Planck operator
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ip (3.11) or directly using Ito’s formula in (3.5)), is given as

Lip=M"p-V,—VU(q) Vp—7p-V,+ %vp ((MYV,),

where for any sufficiently smooth continuous function ¢(z), we have

E[6(2(t)) | 2(0) = 20] = (e**P9) (20),

for the evolution operator ¢!, Choosing a Lyapunov function

Ks(q,p) =1+ (»"p)",

for s € N*, gives the existence of solutions to for all time (by, for example, [98]
Theorem 5.9]). We will make make use of hypocoercivity estimates, which give sharper
bounds on the rate of convergence toward the invariant distribution (the spectrum
of L1p). Standard hypocoercivity results [51) [60, 125] demonstrate the existence of
constants K, A\ > 0 (whose values depend on the friction ) such that for any ~,¢ > 0
we have

HewLDHB(HI) < Ke ™,

where || - ||g1) denotes the operator norm on the subspace

H!' = {tﬂ € H'(pg)

/wadz = 0} C H'(pp),

endowed with the norm ||¢|| ) = lell? + [[Vqell® + [[Vpel/?. Notably, the inverse

2
H'(pg
operator is bounded, where

_ K
HEL]%HB(Hl) < N

This bound will be important in the upcoming analysis, as

4.1.2 Decomposition into pieces A, B and C

For general potential energy functions U(q), in order to compute consistent trajectories
for the dynamics we require the use of an approximation employing a discretization
scheme in time (spatial discretization is impractical in the case of a large number
of particles). We shall focus on numerical methods built by splitting the Langevin
dynamics vector field into additive pieces, and solving each piece exactly in sequence,
as if we were building a symplectic integrator for deterministic dynamics.

Splitting methods for Langevin dynamics have been considered in the past [7, 12, [16),
73}, [82), 107, 109, 1111, 117] but a wide variety of schemes can be constructed by splitting
and the rational basis for selecting one scheme over another is seldom presented.

Our approach differs in that we offer a new splitting strategy, and a strict focus

on the error of the invariant (numerical) measure being sampled by the discretization
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scheme. Many schemes are evaluated on the basis of their temperature control (par-
ticularly on the convergence of the average of kinetic energy), while we aim to give a
more thorough treatment of the numerical error introduced through discretization.

Just as in Chapter 2, we shall consider the discretized numerical trajectory as sam-
pling a perturbed measure that varies with step size. However, unlike in Chapter 2, we
do not construct a perturbed vector field that we associate to our numerical scheme (see
[130]). Instead we shall exploit the Baker-Campbell-Hausdorff formula demonstrated
for backward error analysis in the deterministic setting (see Section to approx-
imate the generator of the associated numerical method formed by a composition of
splitting pieces. This generator can be viewed as a perturbation of the exact generator
for Langevin dynamics introduced in Chapter 3.

However, the increased complexity of Langevin dynamics over Newtonian dy-
namics gives us additional options for splitting the vector field. One option is
to use a splitting strategy that divides the dynamics into position and momentum

components as in [82]. The splitting pieces become

dg | M~1pdt N 0 (4.3)
dp 0 —VU(q)dt —ypdt + \/2y/BMYV2dW |’ '
A S

denoted A and S. As in Section we solve the vector fields in sequence to create
the method, for example, the stochastic position Verlet method is given by [ASA],
where we extend our notation from the first chapter in the obvious way.

The flow map for the S piece is given by

Dg (

for R(t) ~ N(0,t) a vector of N random noise processes. In the case of a large friction

40 B q0
Po ]) a [ e o + =V (qo) + AV — e EMYPR(E), |

Y

parameter «, the influence of the force term on the dynamics will become extremely
small, and in the limit of infinite v methods using this choice of splitting will become
inconsistent (the force term is wiped out completely, leaving no information about U(q)
in the dynamics). Hence we shall consider coupling the force to the random noise term
as evidently not suitable in the case of large friction, although it is desirable to keep
the friction and noise terms of the Ornstein-Uhlenbeck process together, as we are able
to solve exactly.

An alternative is offered by Owhadi and Bou-Rabee in [12], who suggest a geometric
Langevin algorithm (GLA) splitting, decomposing the dynamics into its microcanonical

part and Ornstein-Uhlenbeck part

dg | M~1pdt n 0 (4.4)
dp —VU(q)dt —ypdt +/2v/BMV/2dW | '
mc ou
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Using a general order s symplectic method to evolve the microcanonical dynamics,
followed by exactly solving the OU process, the results of [I2] demonstrate that for a

smooth observable ¢ we obtain

/ ppsrdz = / pppdz + O(6¢°).
Q Q

This gives the opportunity to create arbitrary high weak order Langevin dynamics
methods by combining the Yoshida-type methods introduced in Section with the
exact OU solve. If we are able to solve the Newtonian part of the system exactly (or
in practice to arbitrarily high order through, for example, numerical quadrature) then
though the evolution of the distribution through time will be accurate to only first-
order, we achieve perfect sampling of averages in the infinite-time limit. Of course, in
most cases this is computationally prohibitive.

Utilizing a splitting scheme that isolates all terms involving the friction v away
from the force term means that we would expect this strategy to be more fruitful at
evolving the system in the high (or infinite) friction regime. However, examples will be
given to show that for some choices of symplectic method we can still fail to sample pg
consistently in the case of infinite friction.

We shall provide a framework to analyze and describe a wide class of Langevin
dynamics splitting methods, by generalizing the GLA splitting strategy into what we
term the ABC splitting:

dg | M~1tpdt n 0 n 0 (4.5)
dp | 0 —VU(q)dt —ypdt +/2y/BMVZAW |’ '
A B C

where the A and B pieces of the vector field are the same as was introduced in Section
m and the OU process is labelled C for clarity of notation (in contrast to labelling
it O in [68, [69]). We can solve each part of the vector field (when taken independently)

exactly, with associated flow maps

@ |\ | g0+ 0t M p Q@ |\ )
D45t = ; Dp s =
Po Po Po po — 6t VU(qo)

Dc 5t <
(4.6)

As the splitting pieces A and B correspond to those used for deterministic Hamiltonian

q0
DPo

qo

dynamics, the generators for the evolution of the expectation of observables is given by
their Lie derivatives as derived in Section m The generator for the C' piece (as seen

in Chapter 3) comes from Itd’s lemma, where we make explicit the dependence on the
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friction by introducing a friction independent operator, giving

Lap=M"p-Vyp,  Lpp=-VU(q) Vyy, Lot =rLeb,
Lo =—p Vb + BV, (MV,)9,

with the generator of Langevin dynamics given as
Lip=LAs+Lp+ Lc.
Its evolution of measure is given by taking its L? adjoint, where

LEp=V-(py)+ BV, (MV),)¢.

Our line of attack for the numerical analysis of Langevin dynamics discretization
methods is informed by our work in Section for deterministic dynamics and draws
on the work of Talay and Tubaro [I16] for expansions of invariant measures in a series
of §t. We consider the numerical method to sample from a perturbed problem exactly,
where there exists some generator corresponding to its perturbed dynamics. We use a
macroscopic approach by working directly with the perturbed generator for the numer-
ical process, as in [27, [79]. The generator for the numerical method Egt is found exactly
as in the symplectic case, by computing the product of exponentials in sequential order.

Moreover, the evolution of distribution is governed by its adjoint, with

0 -~
5@ p:t) = Lsp(a,p,t),
with a unique nontrivial stationary (invariant) distribution

L s = 0. (4.7)

For an order s method, we write the adjoint of the generator for the numerical method

by perturbing the exact operator
L = Lip 4+ 6t°LE+ 6t L + ... (4.8)
In light of (4.7) it makes sense to write

Pst = pg (L+0t°fs(q,p) + 6t foyr(ap) +...) (4.9)

where the perturbation functions f(q,p) satisfy the PDE (4.7). This implies that the

error introduced by a numerical method is itself a stationary average

/ #(q,p) pst dgdp — / ¢(q,p) ppdqdp = 5ts/ ¢(q,p) fs(q,p) ps dgdp + O(6t°T1).
Q Q Q

7



Increasing timestep

ot=0.005 6t=0.02 0t=0.025 6t=0.03 0t=0.035 0t=0.04

Figure 4.1: Invariant configurational distribution functions for the [ABC] scheme are
computed through simulation, using a planar potential energy function with two dis-
tinct basins connected by a narrow transition corridor. We plot distributions computed
at various step sizes in the plane, where high/low intensity is coloured red/blue respec-
tively. At simulations with a larger timestep we can see a qualitative change in the
landscape, with the bridge between the two regions disappearing. Equilibrium averages
as well as transport coefficients (such as the diffusion constant) will be perturbed by
the corruption of pg.

By solving the PDE for the perturbation functions, computed numerical averages
can be corrected to higher orders of dt.

The correction of such averages is important for molecular dynamics simulations,
where the discretization error at large timesteps can warp the potential energy land-
scape to such a degree that it qualitatively influences the system behaviour (see Figure

. We write the evolution operator for such numerical methods as Ps;, where

Zk:Z).

where the subscript on zj; indicates an iteration index. The form of this operator will
vary between methods as the generator Egt in (4.7) is method-specific. In order to

make clear which method we refer to we shall denote the method as superscript. For

Pstp(z) =E (SO (2k41)

example in the case of the method [ABC], we write

[ABC) __ stLa StLp StLc
Ps; =e e e ,

corresponding to the evolution operator for the update scheme

Gn+1 = qn + 0t M_lpna
Pn41/2 = Pn — ot VU(QnJrl)a (410)
Pt =€ p iy s+ B2V 1 — e 00 M2R,,,

where R, ~ N(0,1) is a vector of N independent normal random numbers. This
method performs the Symplectic Euler method (sE-ABJ) followed by an OU exact solve,
making this method one of the class of GLA methods. Note also, that in the large

friction limit the force is again wiped out by the OU process, making this method
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inconsistent in this regime. This method is referred to GLA-1 in [12], and is shown to
give a first-order error in observable averages.

There are five other first-order methods obtained by composing the three update
operators in the ABC splitting so that the resulting method is consistent and only
performs each update once (we refer to such methods as elementary first-order schemes).

Of these six such schemes, we can split them into two classes

[[ABC], [BCA],  [CAB], (4.11)
and
[[ACB], [CBA], [BAC].] (4.12)

Iteration of a method in or can be easily related to another method on the
same line, as these schemes share a common sequence of operations. Other first-order
methods exist, for example the scheme [ABCA] is first-order and belongs to the class
of methods in .

The precise relation between methods that share a common sequence will be made
explicit in Lemma It is worth noting that none of these elementary first-order
schemes is consistent in the limit v — oo.

By employing a Strang (symmetric) splitting approach, we can create six second-

order schemes which can be divided similarly into three classes of method

[ABCBA] [ACBCA] [BACAB]
and , and ' and . (4.13)
[CBABC] [BCACB] [CABAC]

(i) (ii) (iii)

Methods of class (ii) interpose the B step between two C' steps, and hence at infinitely
large friction it is clear the force will be completely wiped out by the redrawing of p.
The two schemes in (ii) must therefore be inconsistent with the dynamics at infinite
friction. It should be noted that none of the schemes considered in can be
classed as GLA-type schemes, which instead involve only a single C' step at the end of
the deterministic iteration (and as such, are not symmetric).

Other symmetric second-order schemes can be created with the same alphabet,
for example our framework allows us to consider arbitrary symmetric schemes such as
[ABCACBA], though the complexity involved makes such analysis undesirable for no
potential gain. Additionally, these methods could come at a greater computational cost
as they may require more than one force evaluation per timestep. We shall consider
only the schemes of class (i) and (iii) above, and refer to these as the elementary

second-order methods.
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For all such schemes, and for functions in Li® , where

©(q,Dp) c Lm(pﬂ)}

LY = measurable
*e {90 Ks(q,p)

endowed with the norm

Y
Lo

lelleg, = ||
Ks K,
we have the following important ergodicity result:

Theorem 4.14 (Ergodicity of numerical schemes). For fized s*, there exists a 0t* such

that for any positive, finite v and any 0 < 6t < 0t*, we have that the evolution operator

Pst, for any composition scheme given in , has a unique invariant probability
measure pg; with finite moments

/ Ks psedz < 0o, (4.15)
Q

for 1 < s < s*. There exists constants \, K > 0 such that

%U@M—Lf%%

< KKy(a,p)e | f g, (4.16)

foralln € N, all f € L and almost all z € ).

The proof of the theorem follows immediately from [49] under two assumptions,
which we show to hold from the definition of the schemes themselves. We will demon-

strate proofs in the case of the [BAC] scheme, which has concise update

Ghg1 = Qi + OtM "1pp — S22 MV U (q1), (4.17)

(1 —e29t)M

Pri1 =€ " (g — 6tVU (qx)) + 3

Ry. (4.18)

with Ry a vector of N i.i.d. normal random numbers distributed as N(0, 1).
Proofs given will use the update formula in the case of the [BAC] scheme (other

methods follow very similar lines and are omitted).

Lemma 4.19 (Uniform Lyapunov condition). Consider the evolution operator Ps; for
any composition scheme given in , with a Lyapunov function

Ks=1+(p-p)°.

For any s* € N*, there exists a 6t* > 0 and constants C1,Cy > 0 such that for
0<dt <ot and1 < s < s*

Psiks < aptks +bsr, 0 <ag <e % 0< by < Cadt. (4.20)
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Notably, choosing any T > 0, we have
PR, < emOTKC, + Cy/Ch. (4.21)

Proof. We will initially prove the lemma in the case s = 1, before moving to the slightly
more involved cases where s > 1. Writing o = exp(—~dt) we premultiply (4.18) by its

transpose and take expectations to find

E <p£+1pk+1’~7:k) = a? (px — 8tVU (qr))" (pr, — 0tVU (qi)) + 67 (1 — o?) Tr (M),
< o’pi i + 20t VU || |pi| + 68| VU||* + 87 (1 — o®) Tr (M),
< (® + €0t) prpx + (e726t + 6¢%) |[VU|> + 371 (1 — o) Tr (M),

where € > 0, by virtue of the relation
26t VU | [pe| < 26tV U| pg] + 6t (elpi| — e [VU ) = 25ty ? + 26| VU |2
Choosing €? = ~ gives
o + 6t = e 20 4 45t < e 02
for sufficiently small é¢. Hence

E (p£+1pk+1 ’]:k) < agpj. pr + bt

for

a and bse = —||VU|]? + Tr (M),

where 6t is sufficiently small. Hence for the Lyapunov function /C; = 1 4 pp, we have

E (K1(Qk+1,pk+1)’fk) <1+ agpl pr + bse = asiKr (qr, pr) + bsts
with
bst = bst + 1 — ast,

giving (4.20)). The case s > 1 follows similarly. We will use the fact that for some € > 0,

we can bound powers of z € R by considering

1 1
2| < = = [a]* 7" < 2| 2 = = |27 2 M2,
€ €

— 623—m’
for 0 < m < 2s, and hence

1

625—m

|z257m < ™| 4 (4.22)

Denoting the [*" component with a subscript [[] and working componentwise, we take
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powers of (4.18) to obtain

P s = Pk — 5t7U Qk

s (1-— oz2
= Z Pk — 5t7U Qk Ry x
=0

25 i .
2
SZ ( ><j>045tl py el
i=0 j

2s 2s = 2s 7 ) (1 T a2 m[l
< aZpyil” + K Z S P k| 6

1=0

2s i1 i , (1— a2)m[l]
+adtK > Y ; g,V TR[M ,

=1 5=0

Bq]

using K = max(1, H(‘?/@q[l]UHZS). Taking expectations, only even powers of Ry will

survive. Hence, bounding 1 — a? < 4vdt and applying (4.22)), we obtain (4.20) by
choosing € sufficiently small. The formula (4.21)) follows straightforwardly from iterating

(4.20). O

Lemma 4.23 (Uniform minorization condition). Consider
C = {(q,p) € 2| p| < Pmaz} ,

with fived pmaz > +/2C2/C1, where constants C1,Cy are chosen as in Lemma .
There exists constants 6t > 0 and a € (0,1) with probability measure v such that for

any bounded measurable non-negative function f, we have
inf (Psif(2)) > a/ f(z)v(z) dz (4.24)
zeC Q

for all 0 < §t < ot*.

Proof. This proof is made significantly easier by virtue of the compactness of the posi-
tion space M. It is sufficient to prove the lemma in the case of f being the indicator
function for Borel sets A, C M and A, C RN with A = Ay x A, C Q. The goal is to
show that

P <21 S ) 2y € C) > av(A), (4.25)

where z1 = Psi(29). Writing (4.17) as

R 1 — e 290\
Pk+1 = Dk+1 + Grt1, Gr41 = (B)Rb
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we have that
P(z€a|zeC)=P(0.Ci)€ (A~ a) x (4, ~ ) | lao. ;o] € C),
while by the boundedness of the position space, there exists a constant £ > 0 such that
| <E, ;| < E.

Each component of the variable G; € RY is a Gaussian random variable, with

(1-— e’QV&)M

p=mean(Gr) =0, o =var(Gh) = =

and hence for any X C M and Y C R¥, we have

P(0,G1] e X xY) = Z_l/ exp(—yL o2y /2) dz dy,
XxY

Z = / exp(—y" o %y/2) dx dy,
Q
for x € M and y € RY. This gives
P([0.G1] € (A — 1) x (4 = 5)| lao, o] € O)
= Z‘l/ exp(—y' o %y/2) dz dy,
(Ag—q1)x(Ap—p1)
and thus we define the probability measure

v(A, x Ay) = Z, ' inf /
Q|<E _ _
}P}<E (Aq—Q) % (Ap—P)

exp(—y" 0 y)dady,

with appropriate normalization constant Z,!. This gives (4.25). 0

The existence and uniqueness of the method’s invariant measure pg; is given by
Theorem 1.2 in [49] (where assumption 1 and 2 in [49] are given by Lemmas and
respectively), for the timestep ¢ chosen sufficiently small. The discrete trajectories

generated by Ps; will be ergodic in the sense that their infinite time average will sample
Dst-

Proof of Theorem[[.14, The equation (4.16)) is given by [49]. It remains to show the
finiteness of the moments of the distribution in equation (4.15)). Averaging (|4.20]) with

respect to the numerical invariant measure gives

/ Pst Kspse dz < aét/ ICs st dz + bsy,
Q Q

for constants as; and bs; as in Lemma Using the invariance of the distribution
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under Pys;, we have

/m&mmzf&%u
Q Q

and hence

R b
/&mws LI
Q 1—as

as required. ]

The theorem states that the approximation scheme inherits the ergodicity property
of Langevin dynamics and that in the infinite-time limit, distributions of initial points
propagated using the discretization scheme will converge exponentially fast towards
some invariant measure pg;, dependent on the timestep 0¢. This is very important, as
it allows us to bound on the operator itself for functions whose average vanishes with
respect to the numerical invariant measure, which in turn allows us to bound the terms
appearing in the computed integrals.

As we shall require some control over the derivatives of the observables, we introduce

the Sobolev space WE™ for i € N* defined recursively as

We =L, W™ = {go € LY,

Vwe(M&*WVN},

and define the space of sufficiently smooth functions S to be such that for any p € S
and for any m € N, there exists an s € N such that ¢ € W¢"™. If the goal of the
analysis is to simply compute the order of the method, and not find an explicit form
for the perturbing error terms, then we do not need such regularity conditions on the
derivatives (such as [12]). In contrast, for a method of (weak) order k, the goal of our

error analysis will be to find a smooth correction function f such that

/ ©(2) pyr dz = / o(2) pg dz + ot* / Fr(2) p(2) pgdz + 6tF T ry s, (4.26)
Q Q Q

for any sufficiently smooth observable ¢(gq,p) and where the remainder term 7y 5 is
uniformly bounded for sufficiently small step size.

In order to show that the remainder term is uniformly bounded, we shall make use

of the fact that the space
g—{@éS‘/(ppg—O}, (4.27)

is stable under /JE]%. Such results can easily be obtained for elliptic operators [27],
and can be generalized to Langevin dynamics through the results of Talay [115], under
appropriate assumptions on the Hamiltonian. Hence, for any sufficiently small §t, we
have that for any ¢ € S ,

Eiﬁg@ —ReS )
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with
< C < oo, (4.28)

‘/ Rpsidz
Q

For a sufficiently smooth function ¢, we shall denote the resulting average computed

for some C > 0.

using a composition scheme whose evolution operator has invariant measure pg;, as

<90>6t 3:/90,5&(12,
Q

where (p)g: is the observed average at step size 6t. This is in contrast to the exact

average
(p) = / ppgdz.
Q

The next section will concern finding explicit error estimates ({¢)s: — ()) for particular

discretization schemes.

4.1.3 Computing error estimates for general systems

Our goal is to quantify the errors introduced in the averages computed from schemes
composed of sequential solves of the vector fields introduced in the ABC splitting .
The evolution operator for a method is computed through a product of semigroups,
where each term corresponds to the sequence of updates codifying the method. Just as
in the backward error analysis introduced in Section[2.1.2] we use a Lie-Trotter splitting
where each individual evolution is exactly integrable.

In the ABC splitting, each update term in a scheme is given by one the flow maps
in , where the overall evolution operator for a method with M stages is

_ 6tls _ StLy GtL StL
Psy = 270t = P51 0452 | e0tM

where each L; is a scalar multiple of one of L4, Lp or Lo. Each elementary evolution

semigroup is well-defined, and we can even analytically write down their action:

(e"4¢) (¢,p) = d(q+tM~'p,p),
(e''24) (q,p) = ¢(a,p — tVU(q)),

tLo _ ot Loe bt gy | e
(e ¢>)(qvp)—/RN¢<q,e 7p+\/TM x) (%)N/de.

The BCH formula (2.30)) can be used to compute EA& directly, though at higher orders
it becomes cumbersome to work with due to the large number of commutators required

to be computed. The resulting expansion for the generator is purely formal, and gives
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us no guidance on its convergence. We opt instead to make use of Taylor’s theorem

n+1 1 n+1
L& / (1o 9 nf’f dg,
0 de t=00t

dp, 5t d"P,
= ot —— oot —
P(St PO + dt o + + o dn

=0 n!
with

dP;
T — Ll e(StLl e5tL2 o e(StL]W + €6tL1 L2e5tL2 o €5tL1\/[ 4+ e5tL1 e5tL2 o LM e(StLM‘

We can see that an intrinsic order is preserved in this sequence through repeated dif-
ferentiation, so that the operator L; will always be to the left of the operator Ly;. We
introduce the linear ordering operator T that permutes operators into an order defined

by the splitting from left to right, for example

T [(Ly +Lo+L3)?] = T [L3 +L3 + L3 +L1Ly +LoLy + L1 Ly +LaLy +LoLg +LsLs]
= L+ L3+ L3+ 2L1 Lo + 211 Ly + LoLs.

Applying this operator simplifies notation to

d"P
dtnt =T[(Li+...+Ly)" P,
and hence
5tn71 n—1
5tn 5tn+l 1
+ ST (L + Do) + / (1-6)"T [(L1 b L) 799&] a6.
. . 0

(4.29)

This formula is very important in our analysis, as it allows us to find an explicit form of

the remainder terms in the perturbed series. This gives our analysis a distinct advantage

over the formal analysis, using the generator rather than the evolution operator Ps;, as
we can bound the remainder terms.

However, it is often more convenient to compute the terms in the series itself by

computing th using the BCH formula and matching powers of ét in the expansion
Psi = Id+5t25t+6;22§t+...,
yielding a more convenient form
T[(Li+...+Ly)" = (Li4...4 Ly)" + Sy,

where S), is a sum of commutator terms involving the L;. This is particularly useful to
note, as for our purposes (L1 + ...+ Las)" = L], leading to many cancellations when
taking products.

The form of the correction function itself is method dependent, and hence before
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proceeding with the computation of the correction terms for schemes, we will introduce
the following result allowing us to relate algorithms which have a different final or initial
term, but the same core iteration (such algorithms were grouped together in (4.13)).

Lemma 4.30 (TU Lemma). Consider two ergodic numerical schemes for Langevin
dynamics, with evolution operators Qs and Ps; and respective invariant measures pst,o
and pst,p- 1If

(Qo)" =Tt (Pst)" " Uy, (4.31)

for allm > 0 for some bounded operators 15 and Uss, then

/¢@@%m@@:/ammMm%m@@, (4.32)
Q Q

for all bounded, measurable functions ¢(q,p).

Proof. The proof follows directly from the assumption (4.31]) and ergodicity estimates.

Assuming a smooth initial distribution py,

/Q ¢(q,p) Pst,odgdp = lim [ [(Qs:)" #(q,p)] podgdp,

n—oo Q

= tim [ 7o (o)™ Wsola,p))] podad.

n—oo

The lemma then follows by the ergodic property of the method with evolution operator

Pss, giving the convergence of distribution in the limit. O

The effect of this lemma is a dramatic simplification in the analysis of classes of

methods that share a common sequence of updates. For example, letting
Ty = O (LB and  Us = eotec
we can relate the methods
PP = Tty and PR =1 T,

and hence
ABC CA
/Qso(q,p) pLaB qudp:/Q {em%(q,p)} e Bl agdp.

From the definition of Lo, we can see that if ¢ is a function solely of position then
the equilibrium averages will be equal under both methods (this can be easily verified
by comparison of the corresponding algorithms themselves). Similar such observations
can be made for other classes of methods (or for other special cases of observable ¢).
We can reduce our workload by considering one scheme in a particular class and

reach conclusions about its related methods through the application of Lemma [£.30]
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First-order schemes

Our aim is now to proceed with the analysis of the first-order schemes listed in
and . We shall approximate the evolution operator by computing itse expansion
(in powers of the step size) using the BCH formula, and ignoring high order terms. By
expanding the invariant density similarly, we shall solve the resulting PDEs to find the
leading order behaviour of the error terms for these schemes.

We shall consider correcting a sufficiently smooth observable ¢ € S defined in ,

and hence
<@=iéwmﬂz=Q

as this simplifies our analysis. The general case (for functions @ where the average is

non-zero) can be recovered by using

¢=@—/$%®,
Q

in the proof. The goal is to find, for a sufficiently small step size 0t, the value of R
where

(@)t = () + LR + O(5t%), (4.33)

with bounded remainder. We may proceed formally to obtain the form of R, however
this gives us little guidance on the form and boundedness of the remainder higher-
order terms. Our approach differs from the formal analysis presented in [68] as we
use Taylor’s formula to find the explicit form of the remainder terms in our correction
series, however at leading order our results match those that are found formally.

Let us consider one of the elementary first-order schemes of the form [XYZ],
with each XY, Z € {A, B,C} distinct, and unique invariant distribution written as
~ xv7]
Pst = Pgst
under the flow, and hence for a sufficiently smooth observable ¢, with (¢) = 0, we have

. By definition, the invariant distribution of the method does not change

/Q (Ps:6) Predadp — /Q o7sdqdp, (4.34)

where Ps; = 77([5( YZ] i the method’s evolution operator.

We can compute the generator for the numerical scheme itself as a series in powers
of the step size dt using the BCH formula. Formally we have
ot ot

Lsi = Lip+ = [Ly, Lz] + 5 [

5 Lx,Ly + Lz] + O(5t?),

though we have no expression for the evaluation of the remainder terms, and the com-
plexity of the series itself makes its general formula difficult to work with. We will
choose not to work with EA&, and instead use the formula for the evolution operator
, where we are able to give the form of the remainder. Matching terms in the
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series expansion, we obtain

Id — Ps: 5t 5t?
5t =—Lip— 5 (L}%D + Sl) - 7R27

where
1
Si=[Ly, Lz + [Lx,Ly]+ [Lx,Lz], Ry= / (1 — 0)*Ry5.d0, (4.35)
0

with remainder R; a linear combination of terms of the form Eg(etﬁx El{/etﬁYﬁczetﬁZ
with non-negative integer powers a + b + ¢ = 3. The remainder can be explicitly
computed using the ordering operator T, but involves at most 6 derivatives.

Introducing a perturbation function fi(g,p), we can compute directly

Id—7P
/ <5t5t¢) [1+6tfi] ppdz
Q
ot 5t?

— —/ <|:£LD + 5 (E%D + Sl) + 2R2:| ¢> [1 + 5tf1] pﬁdz,
Q

1
— _575/9 [25‘1¢>+ (ELDcf))fl] ppdz

_&#

5 ), [(R20) (14 6th1) + (Lipd + 519) /1] padz.

(4.36)

Taking the adjoints of the operators in the leading term on the right hand side, we have

/Q [;Slqﬁ + (ﬁLD¢)f1:| ppdz = /Qﬁb BSTPB + Lipfips| dz,

and hence suggests a choice of fi such that

* 1 *
Lipfps = —551%' (4.37)

The function f; is well-defined as the assumed smoothness of the potential energy

function U(q) ensures that pg is sufficiently smooth, and the Fredholm alternative is

satisfied:
/ Sfpgdz =0.
Q

The homogeneous solution to is f1 = constant, hence we can choose the constant
to ensure the correction function has average 0 with respect to pg, as required.

Plugging in this choice of f; into leaves only the second order term on the
right hand side, giving

/ (Id;f%) 1+ 6t poda
Q

ot
2 Ja

(4.38)

[(R2¢) (1 + 6t f1) + (LEpd + S19) f1] padz.
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Comparing this result with our target equation (4.33)), we seek to correct the average
of ¢, which requires us to replace our observable ¢ in (4.38) by

Id — Ps; -1
St 2

but we have no control over the derivatives of this function, making bounding the
remainder problematic. However we only require the term at order dt to vanish, so we

can approximate the inverse by any function that gives a remainder in higher powers
of §t. If

Id —
(73‘”> Ost = Id + 6t2Zs,
ot
then we shall call the operator Qg; an approximate inverse. Writing Qs; = Qo + dtQ1,
we have
5t o 5t )
—Lip — 0} (['LD + 51) — 7R2 (Qo + 0tQ1) = Id + §t°Zs,
and hence
_ 1 _ _
Qo=—Lpp, Q=7 (d+LpSiLip), (4.39)
1 1
Zy = =5 R (Qo +6tQh) — 5 (LEp + S1) Qi (4.40)

Choosing fi(q, p) to solve the PDE in (4.37)), we combine (4.34]) with the result of (4.38])

to give

1d — Py - -7
/ &&W&tdz/ét&gb [1+ 0t f1(q,p)] ppd=
Q Q

= (5t2/ﬂ |:(R2(Z>) (L+0tf1) + % (»C%D(ﬁ + Sl¢) f1:| ppdz.

Since the average of ¢ is 0 with respect to pg, setting ¢ = Qs is well-defined, and

gives an overall formula

/ ppsidz = / ¢ [L+6tfi(q,p)] ppdz + 6t%r1 5 = / pppdz + ot / ¢ fippdz + 6t°r 51,
Q Q Q Q (4.41)
where the terms in the correction function f; and remainder term 7 5; will both depend
on the friction v (and as such may become unbounded in the limiting case of infinite
friction). However, for fixed friction and 0t sufficiently small the remainder term 7 s is
uniformly bounded, as Sp has finitely many derivatives and applying estimates such as
. It should be noted that this formula can be obtained formally (see [68]), but we
do not obtain the form of the remainder terms, which can be computed (and bounded)
through the approach presented here.
The function f;(q,p) here is method dependent, determined by the right hand side
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of (4.37), where S is built from the commutators given in (4.35). Using the skew-

symmetry of the commutators, and the fact that
(e, Lal + [Los £B]) pp = (Lo L4+ LBl ps = 0,

we can see that
flﬂABC]] _ _fl[[CBA]] _ fl[[CABﬂ _ _flﬂBAC]]7 (4.42)

with f[[A ‘I solving
ABC 1 * * 1 * * *
£LDf[[ ﬂ =5 (L4, LBl pp = B} (L4 + LE) Lps, (4.43)

where
Lyps=—Lhps=9(¢,p)ps,  9(g,p) = —Bp" M~'VU(q).

The remaining two methods are related through f} [ACE] _ {[BCAH, with
ACB 1 * * % px
Cinft*Plos = 5 (I8, L5 — £3]+ (€3, £5) ps.
1 * * * * * * ABC
5([£LD=£ — L] = [Lp+ L4, L — L4]) ﬁ+£LDf[[ Iy 85
= Lip (9(a:p)ps) + [£5: £3] ps + Lin L s,
= Lip (9(a,p)ps) = Linf1*" Vs,

and hence applying £; [} we can use (4.42)) to relate all of the methods through

FIACBY _ _ pIBCAL _ o oy — pIABCT (4.44)

We may also derive (4.44]) by applying Lemma with

%t — e5t5365tﬁc’ Z/{(St — eétﬁA’
giving
/ cpﬁg?CAHdz = /Q <66tﬁA <,O> ﬁE[g?Bcﬂdza

and hence
/Q [1 +(5tf[[BCA” ppdz = /ng [ L% pg + (5t65tq\f1[[ABC]]p5 dz.

Writing %44 = Id + otLY + §t2R and equating powers of the step size yields

[BCA] = [ABC] [BCA] _ ([ABC]
1 P 1 1 =1

ps+ Lapg, and hence —9(¢:p).

We have seen that the form of the correction function for the [ABC] scheme is
defined by the PDE (4.43)). If we can solve this, then we can find all of the other first-
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order correction functions by exploiting the relations we have derived between them.

In order to find the solution, we write

1

* ABC * *
'CLDfl[[ HPB =3 (Lip —vLE) 9(a,p)ps,

where recall Lo = vL#. Computing this obfuscating term gives
L9(q,p)ps = V- (pgps) + 87V - (MVp)gps,
= Ngpg+ (p" + 87V M) Vygps,
= Ngps + (p" + 7'V M) (=BM~'VU(q) + B°M'pp" M~'VU(q)) pg.
= Ngpg + B (Vp-pp" M™'VU(q)) ps,
= Ngpp+ (N +1)p" M~'VU(q)p,
= —9(q,p)pg-

Hence upon applying the relation
Lip¥(a)ps = —p" M 'Vb(9)ps

with ¥(q) = BU(q), we can write

L:9(q,p)ps = —9(q,p)ps = —BLILU(9)pg,

and hence

«  ¢[ABC 1., 1 .
Lin By, = §ELD9(q,p)p,@ +578LpU (@)pg;

giving an explicit solution to (4.43)) as

1ABCT (g, p) = B (WU (q) — p"M'VU(g)) — P4, (4.45)

2

for constant 5
ABC
P = VQ/QU(Q)Pﬁdqd]%

. ABC] . - . .
ensuring the average of flu Vis zero. The remaining first-order correction functions

are given through the relations in (4.42)) and (4.44)).
Replacing ¢ by (¢ — (¢)) in , for sufficiently smooth v where () is not

necessarily zero, gives

/ (4 — (1)) Panclz = / (4 — (1)) pad + bt / (6 — () fipadz + 6% 5.
Q Q Q

Hence, adding the constant (1), we have that there exists a correction function f; such
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that for any sufficiently smooth v, we have

/ Ypsedz = / Ypgdz —|—5t/ Y fippdz + 57527‘175,5, (4.46)
Q Q Q

for fixed finite friction v and sufficiently small step size dt. We can rewrite this result

as

(V)se = () + Ot(p f1) + 5t°r o1

Of course, this formula is not very useful in practice, as in order to evaluate the correc-
tion term we need to know (¢ f1) exactly. The evaluation of fi(g,p) at any instanta-
neous point is also tricky, as the constant ¢; was introduced in the solution to ensure it

has average 0, and its evaluation requires the computation of this average. If we write
fi=FH—{f),

for some computationally amenable, sufficiently smooth fl (for example, the choice of
ﬁ = f1 + ¢1 gives an explicit formula), then we can apply the result (4.46) recursively,
and approximate the correction terms by their observed averages (as any errors are

moved to the higher orders in dt). Finally, this gives

Wl = W+ ot (W) =W (Fi), )+ 080, (4.47)

where 771 s¢ is uniformly bounded for sufficiently small 6t.
We compare the observed result with the predicted result in (4.46)), for the system

with (g, p) € R?, canonically sampling an uneven double well potential
Ulg) = (¢" = 1)* +q/2, (4.48)
at # = 1. We shall look at the error in computed averages of a specific observable

o(q,p) =p° —qU'(q) +2qp,  {p) =0, (4.49)

and compare the estimates provided by (4.46)) in the cases of the six first-order schemes,
whose correction functions are given by combining (4.45) with (4.42)) and (4.44). We

run experiments at 32 different values of §t for two different friction values: v =1 and

v = 2. Each of the six schemes are integrated over a fixed time interval ¢ € [0,108],
using 16 repeat experiments for each average. The results are given in Figure[4.2] where
we plot both the observed average, and the prediction of the observed average from our
analysis.

In the case of unit friction, we see a first-order trend that matches exactly our
expectation: both the magnitude and sign of the error shows good agreement with the
theoretical prediction. However, the [ACB] and [BCA] schemes exhibit higher order

behaviour in the simulations computed using v = 2. As the equilibrium average should
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Figure 4.2: We give the error in computed averages of the observable given in ,
from simulations using the given timestep and friction for each of the six schemes,
with an uneven double-well potential energy function at 8 = 1. The observed
averages (coloured symbols) exactly match the predicted first order error (corresponding
coloured lines) at small 6¢. For v = 2, we can see that two of the schemes show higher-
order behaviour, which we can explain using our analysis.

be unaffected by the change in friction, this is evidently a phenomenon of the particular
numerical schemes employed.

This result is entirely commensurate with our analysis. We compute the correction
for [BCA], as the [ACB] and [BCA] schemes have a first order correction that differs
only in sign. Thus for general friction v > 0, the [BCA] scheme has the first-order
correction

1
/Q "M ppdz = 3 /Q (v — aU'(a) + 2ap) (pU'(a) + 71U () — PAT) pdadp,

_ 1 Y T /
*@‘*‘ﬁ(@ 2(‘1UU>7
_(2-9)

2(32

Hence for a critical choice of v = 2, the first-order correction term will vanish for the

[ACB] and [BCA] schemes, giving (at least) second order errors in observed averages
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of the observable . Additionally, choosing a friction v = 2 + € (for sufficiently
small € > 0) shrinks the prefactor of the order d¢ correction term so that in practice
the observed error is dominated by the larger second order term.

For all of the schemes, at the largest tested step sizes we see the emergence of higher-
order behaviour influencing the observed averages, as there is a sharp turn away from
our prediction. We expect that continuing to find the higher order correction functions
would allow us to account for this difference. A more practical approach however, is to
consider methods that exhibit higher order behaviour without any correction. We can
construct such methods just as in the deterministic case in Section [2.1.4] by considering

a symmetric (Strang) splitting scheme.

Second-order schemes

We consider update schemes of the form [XYZYX], with each X,Y,Z € {A, B,C}
distinct. The line of attack does not greatly differ from the first-order case, although the

additional terms make the computation of the perturbation terms more cumbersome.
We can use the symmetric BCH formula (2.35H2.36)) to formally write

XYZYX 3
pgt I 8tLx /2 StLy /2 8Ly ,StLy /2 StLx /2 _ eatc(;t’

where

Ls; = Lx + Ly + Lz + 025y + O(6tY),

with
1 1
S2= 15 L2, [C2. L) + 35 [Ly+ Lz.[Ly + Lz, Lx]]

1 1
Y [Ly,[Ly,Lz]] - 2 Lx,[Lx,Ly +Lz]].
(4.50)
We may then identify terms computed with the BCH formula with those in the Taylor

series (4.29), giving

o2
P = 1d + 6t (Lrp + 0t252) + > (Lp + 6t (SaLip +LLpS2))
53 ot

+ ?[’iD + ﬂ[’iD + 5t Rs g1,

where we will denote P[[;[i( YZYX] _ Psi, and use the property Lx + Ly + Lz = Lip.

Rewriting the series gives

1 1 1
— 0t? (52 + GziD> — ot <24£iD +3 (SoLrp + ELD52)> — 8t Ry 1.
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We then consider a sufficiently smooth observable ¢(q,p) with (¢) = 0, and correction
function fa(g,p) giving

Id —
/ [<6tp6t> ¢] [(1+4 6t f2(q,p)) pg dz
Q
5t3 -
— _5t2 / ¢ [S5pp + Lipfapsldz — % / [L1od) [S5p5 + Lipf2ps) dz + 6t* Rey.
Q Q

We now proceed exactly as in the first-order case. We shall choose fa(q,p) to satisfy

Linfaps = =530, (4.51)
with
/ (Pst¢) psedz = /¢ﬁ5tdz,
to give
Id-"P . Id—7P N
L5 o= [[ (5572 o] 10+ 07 mt0m) ] 02 = =

(4.52)

Choosing an approximate inverse Qg; such that

(Id — Pst

=1 4
5 > Qst d+ 0t*Zy,

and plugging ¢ = Qs into (4.52)) yields

/ ppstdz = / ppsdz + 6t / @ f2ppdz + 6t s s,
Q Q Q

where only even powers of the step size appear due to the symmetric nature of the
considered schemes. Similarly replacing ¢ = ¢ — () for suitable 1 gives the correction

for second schemes to be

(W)t = () + 6% () fa) + St ra s, (4.53)

where 74 s; is uniformly bounded for sufficiently small 6t and where f; is the method-
dependent solution to the PDE . We now desire to solve the PDE in order to
find the correction function fs, so that we may apply this result to obtain higher order
averages. However, solving the equation is evidently not as straightforward as in the
first-order case, owing to the high order derivatives that appear.

We shall attempt to simplify the PDE to solve as much as possible. From the
definition of S in (4.50)), it is clearly more convenient to initially consider methods

with L% pg = 0 and (Ly + Lz)" pg = 0, so we shall start by considering the scheme
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[CBABC], which has

S208 =15 [La,[La LB pp 51 (LB, [LB, LA]]" ps
The terms are computed as

[Las[Las LB]] pp = [L2: [Lhs L] pas

(‘CA‘CA[’B — QEAEBEA + [«BLAACA) Pg3
(LALY +2L5 L — LBLY) 9ps,
(

Ly + L) Lagps +2[L%, LBl gps-

Similarly,
(LB, [Lr, LAl ps = — (L + L) Lgps + 2L, L] 9pp,
giving
[[CBABC]] 1 * * * 1 * 1 * *
Lipfs 13 (L4 + L) ( L4+ 553 98 — 13 (L4, LBlgps,  (4.54)

and by computing the related formula for [CABAC] we obtain

Lin B = (5 + L) <2£A + zB) 905 = 75 (L3, Lilgps.  (4.55)

The explicit form of each of the right hand sides is given in . The equations for
the remaining two methods can be computed through the computation of the respective
right-hand sides of using their corresponding operators Sy, or, alternatively, we
may apply Lemma [4.30| with

t]:st — €5tﬁA/2 €5t53/2 eétﬁc/?j u&t —_ eétﬁc/? e(StEB/Q e(StL‘,A/Q7

giving
ABCBA CBABC
/Q P PPl — /Q (Usep) poy PP,

and hence
/Q o [(1 + 6t2 f[[ABCBA“> pﬁ} dz = /Q ¢ [ug‘tpg + o2, fIOBABC pﬁ} dz.  (4.56)

Utilizing the expansion
Usy =1d + §£LD + ry ((’CLD)2 + L4+ Ly, L&)+ [La, 53]) + 83 Ry st

and equating powers of the step size in (4.56) gives

[ABOBA] _ glcBABC] , (ﬁA +L5) g, (4.57)

97



and similarly
[BACAB] _ [CABAC]
2 = -2

1

where, recall, g(q,p) = —fp- M~1VU(q).

Unfortunately, we cannot solve the PDE to find explicit solutions for the
correction functions for the second order schemes in the general case. However, we will
give a strategy in Section that permits us to numerically compute the correction

terms.

GLA schemes

The first-order GLA schemes reduce to precisely the first order methods considered
in previous sections. The second order GLA schemes are of the form [XYXC] for

X,Y € {A, B} distinct, where we expect an expansion of
g = / @ s (14 02X 602 (PN | oty (4.59)
Q

Unlike the previously considered second-order schemes, the third order terms do not
cancel due to symmetry. Applying Lemma with

Ty = eS1Ex/20Ey SULX /2 StLc /2 Us; = eMEcl?,

gives

[ bz = [ o) 7V a
Q Q
= / (Z/{(;t(p) [p[g (1 + 5t2f2[[CXYXC]])} dz + 5t47‘475t,
Q
= / opgdz + 5t2/ (Usep) 2[[CXYXC]]P,8 dz + 5t4?”4,5t-
Q Q

The perturbation term is

/ Usep) FADpsdz = / e’y (fQ[[CXYXC]]p,@) dz,
Q Q
L [CXYXC
= / © <e§tﬁcf2[[ Hpg) dz,
Q
ot -
_ /Q(’Df2[[CXYXC]]pB ds + 2/Q¢£6 2[[CXYXC]}pﬁ dz + 6%,

CXYXC ot CXYXC
— [ oA gde 4 T [ oy (£ @z
Q Q
+6t2?U,5ta

and hence comparing subsequent powers of dt with those in (4.59)) gives

2[[XYXC]] _ f2[[CXYXC]] f?E[XYXC]] _ 1 Lo f2[[CXYXC]].

5 (4.60)

’
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Of course we have

/Q ©pp (ﬁcfg[{CXYXCD dz = /Q (L) pa i sz,

removing the third order correction for ¢ = ¢(q). Considering instead the scheme
[CXYX] with similar expansion to (4.59)), we can use

%t — eétﬁc/265tﬁx/265tﬁy€5tﬁx/2’ u(5t — 6515[,0/27

similarly to find

CXYXC CXYX
/Q@ﬁgt ]] dz = /Q (uét‘p) ﬁgt ! dz,
_ / (Usep) [pg (1 452 fLOXYXL 5y :Q[CXYX]I)} dz + 6t'F g1,
Q
C
= /ngpﬁ dz +5t2/ﬂg0f2[[ XYXﬂpg dz

1 ~
+ 63 /Q 0 < FIOXYXL SLe fg[CXYX“) podz + 54774,

Once again equating powers gives correction functions

[CXYX]  ([CXYXC]
2 - f2 9

f?E[CXYX] _ 1£Cf2[[CXYXC]]. (4.61)

)

4.2 Performance for harmonic systems

The harmonic case is one of the most relevant for molecular dynamics simulations as
the timestep is inevitably chosen as close as possible to the timestep stability threshold
set by the fastest degrees of freedom in the system: the intramolecular covalent bond
stretches [4]. A great deal of the overall behaviour of the system is determined by the
harmonic bonds as they imbue the structure of the molecule itself, with the length and
frequency of the bonds chosen by chemists with great precision.

4.2.1 Quadratic potential energy functions

We consider a general quadratic potential energy function
V(g) =q"Ag/2+bTq + ¢,

for constant matrix positive definite matrix A € RV*Y | constant vector b € RY and

constant scalar ¢ € R. The Newtonian equations of motion are

dg = M~1pdt, dp = (—Aq —b) dt,
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where upon writing A = X~'DX, for positive diagonal D, we can change variables
Q=Xq—D'Xband P = Xp to find

dQ=M"'Pdt, dP=-DQdt.

Through a linear change of variables in the system (amounting to a change of basis)
we recover a decoupled system of harmonic oscillators. This simplifies greatly analysis,
as we only have to consider a model with ¢,p € R.

We shall consider sampling a system with Hamiltonian
H(q,p) = w?q*/2 + p*/(2m), (4.62)

with constant frequency w € R and mass m > 0, and investigate the value of the
observed averages <w2q2> s and <p2 /m> s;» Which both have exact value B~ where 8
is the reciprocal temperature. We make use of the technique for finding the exact
invariant averages (without solving for the invariant measure) given in [15].

For any scheme using the ABC splitting or the ‘AS’ splitting (4.3)), we may

write the update scheme as

FaRINE

where a, b, ¢, d are constants depending on the step size dt, and @Q,, P, are mean zero

@n
P,

9

time-dependent processes independent of the system state [g, p]. For our purposes, the
[Qn, Py] will be normally distributed random numbers with a prescribed mean and
variance depending on v, 8 and dt.

Taking products of the update equations, we have

%21—1—1 = a2q72l + b2p721 + Q721 + 2abqnpn + 2aQnqn + 2bQnpp,
P21 = g2 4+ d*p + P2+ 2cdgupn + 2cPogy + 2dPypy,
Gni1Pnt1 = acq’ + bdp? + QP + (ad + be) gupn + (cqn + dpy) Qn + (agn + bpy) Pa.

Then taking expectations in the limit n — co we get
2 2/.2 2/.2 2
(0)5, = 0" ()5, + 1" (P") 5, +(Q%) 5, + 2ab (ap) 5,
ot

q
(0?)5, = S {?) 5, + & (%), + (P25, + 2¢d (ap) s,
(ap) s = ac(q®) 5, +bd (p?) 5, + (ad + be) (qp)s, + (QP) 5

where the processes Q and P are statistically independent of the state variables g, p,
and (Q) = (P) = 0. Assuming that we know the distributions of ) and P, and hence
the values of <Q2>6t and <P2>5t,

the exact values for the stationary averages for the harmonic system with Hamiltonian

this gives a closed system that can be solved to give

(4.62) in terms of its update parameters under changes in the frequency, temperature
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Scheme (@)st/(q%) )5t/ (p?) (qp)st
[ABC] (14 a) /o] Aladt?) 2A (a6t?) —6tB A (adt?)
[CBA] (1 + a) A(6t%) 2A(5t2) StBLA(6t%)
[CAB] (14 a) /o] A(adt?) | 1+ (m —5tB A (adt?) /o
[BAC] (1+ a) A(6t%) 1+ W 5tB aA(6t%)
[ACB] (1+ a) A(6t%) 2A(6t2) —6tBIA(5t?)
[BCAJ [(1+a) /o] A(ast?) 2A(adt?) StBLA(adt?)
[ABCBA] 1 [1— 6t%w?/(4m)]~! 0
[CBABC] [1— ot*w?/(4m)] 7! 1 0
[BACAB] 1 1 — 6t2w?/(4m) 0
[CABAC] 1 — 6t%w?/(4m) 1 0
[ASA] yot(l+a)/(2 —2a) | 2A(6t(a—1)/7) 0

Table 4.1: The expected long-time computed average using each elementary first and
second-order Langevin dynamics method resulting from the ABC splitting as well as
the Stochastic Position Verlet scheme [ASA], with quadratic Hamiltonian and
we use A(t) :== m(a+ 1)/ (w?t — 2m[a + 1]) for brevity.

and friction.

As an example, the method coded [ABC] has update constants

@n
P,

9 9

0
N
(4.63)
for R, ~ N(0,1) and o = exp(—7dt). We compute the solution for a number of
methods, and tabulate the results in Table

The first order methods do very poorly, with some cross-correlation occurring be-

a b | 1 dt/m
c d| | —dtaw? a(1—5t2w2/m)

tween ¢ and p, i.e. (gp)s # 0. The four second-order schemes do much better though,
each one giving either exact position and momentum sampling.

The step size limit 0t < 2y/m/w is evident for the second order schemes, independent
from the friction . The threshold for the first order schemes is more complicated, and is
a function of the friction (though sampling is inconsistent at the limit of large friction).

Similarly we see that for the stochastic position Verlet (JASA]) scheme, also incon-
sistent for large friction, the error in the average position if of the order O(y25t%). We
expect that for small friction, this scheme would give excellent configurational sampling

results for harmonic systems.
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4.2.2 Perturbed harmonic oscillator

We consider now perturbing slightly the harmonic oscillator potential, with scalar ¢
and using
Ulg) = 4°/2+ eq /4, (4.64)

where € > 0 is a small constant. We cannot write the update schemes in the style
of as the derivative is no longer linear in ¢. As a result, the equation for the
expectation of (g,+1)* will always involve powers of (g,)7, for j > k, preventing a closed
system of equations when we take expectations. For example, if we seek (¢?)s;, then
computing the update g2 41 gives terms q2,eqt and €2¢8. Taking expectations requires
us to compute (g*)s; and (¢®)s:, which in turn give higher powers.

The terms stymieing the closure of the system have powers of € as prefactors, so if
we are willing to solve for the value of {¢?)s; up to order €*, we need only keep terms
of sufficient size. Our strategy will to truncate the system of equations as needed :
appearing powers of g, and p, in the system of equations of order 25 will only need to
be resolved to order ¢#+177. Odd order terms will not appear due to (R2 ™) =0, and
the statistical independence of R,, from the state variables.

Therefore, choosing some k as a truncation level, in order to resolve {¢?)s; to order
€ we only need to keep the powers of ¢, and p,, up to order 2k + 2. The 2k + 4-many
equations for the state variables of order 2k + 2 will be truncated at order ¢°, making
them solvable just as in the vanilla harmonic case.

Considering powers up to €*, we can take expectation of the resulting update equa-
tions to obtain a closed linear system of k(k + 2) equations to solve. As sampling the
momentum in this context is not interesting (it is trivial to sample from its Gaussian
distribution), we instead look solely at the averages of (¢?)s;. We find that choosing
k = 2 is sufficient to explicitly resolve the leading order behaviour of the system, and
we give the differences between observed numerical averages and exact averages below,

where the superscript indicates the considered method:

2\[ABCBA] o 30t%€ [48e — 4+ 3+2(9e — 1)] 4 3
(@) —(¢*) = 3716 + O(ebt* + €6?),
[[BACAB]] 2 951t2 2 3515462 (67" 4+ 1992 + 16] o6 3o
= + O(26t5 + 5t2),
2\ [CBABC] o _ 21l € [1446 + 81ley? — 992 — 12] 4 32
()5, —(¢*) =t ( 22 116 + O(5t* + 5t2),

CABAC 1 18¢2
(g P = () = —or? <4 Ty 16> + O+ €58,
(4.65)
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The behaviour of the methods can thus be summarized as

()PP () = 0 (et?),

(W= @ =0 <1€2+&i2 i 62&4) | (4.66)
@y~ 0 (577, |
()5 " () = 0 (52) .

We would expect that both the [ABCBA] and [BACAB] schemes will have a leading
error term proportional to €, given that it was shown in Table that in the pure
harmonic case (at € = 0) these methods give perfect sampling. The twofold surpris-
ing result though, is that the leading error of the [BACAB] scheme has behaviour
proportional to €2, as well as the leading order term being annihilated for large ~.

It would seem that by ordering the ABC update terms favourably in an algorithm
we are able to achieve significant sampling improvements on systems that are “closely
harmonic”, at no extra cost (in terms of force evaluations).

To illustrate this numerically, we use each of the four given second order methods
to compute the absolute error in <q2> 5; using the perturbed harmonic potential
at a range of timesteps 6t € [0.1,2] and nonlinearity parameters e € [0.0001,1]. We
choose § = v =1 for all experiments, and run the schemes using each parameterset for
a fixed time window of length 7' = 108. The results are shown in Figure and agree
with the results of .

The [BACAB] scheme performs extremely well in this example, even in regimes
of large € and step size where our formal analysis is no longer valid. Though Table
demonstrates that both the [ABCBA] and [BACAB] schemes give exact results
at € = 0, there remains qualitative difference between the two, owing to the order €
leading term in the latter scheme. However, even at large values of the nonlinearity
such as e = 0.1, we can achieve sampling of a comparable quality to the [CBABC]
scheme by using the [BACAB] scheme at timesteps an order of magnitude larger.

There is also an evident kink in the error for the plot of the [CBABC] scheme: for
fixed dt and increasing e the error decreases (most easily seen by tracing the yellow
contour of constant error). This is explained by considering the leading term in ,
where the prefactor for the 8t term decreases in size as € increases, giving rise to the
observed behaviour for fixed dt. In contrast, the prefactor to the second order term in
the [CABAC] scheme increases at order €2, leading to an behaviour in averages that
appears indifferent to e.

Finally, we comment that the stability of the [BACAB] and [CABAC] class of
methods is greatly improved over the alternative for small e. It is unsurprising of
course that these methods share stability properties as they clearly share the same
internal structure when iterated. Indeed, simulations were successfully completed for
all € < 0.003 at the maximum tested timestep for these methods, whereas [ABCBA]
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Figure 4.3: A 128 x 128 grid showing the error in <q2>6t computed with one of the four
elementary second order methods, using step size 6t (horizontal) and potential energy
at a fixed value of € (vertical). Pixels are coloured by the absolute error in the
observed average, with white pixels denoting instability at that parameterset.

and [CBABC] required a significant reduction of ~15% before the methods were stable.
Even at the lowest € tested, the [ABCBA] and [CBABC] schemes were not stable at

the maximum &t used.

4.2.3 Stability for systems with multiple scales

Recall the scheme, designed to propagate systems which have a fast highly
oscillatory motion, as well as a slower motion. Splitting the potential energy function
into fast and slow components in the deterministic setting such as equation (2.39)
proved unsuccessful, as we encountered linear resonance phenomena at step sizes that
were integer multiples of half a period [9]. In systems where the timescale gap is very
large, the r-RESPA scheme does not give significant improvement, with the stability
threshold scaling identically to the the Symplectic Euler method [72]. Our hope would
be that using Langevin dynamics to add stochasticity would disrupt resonance effects
and permit larger usable timesteps. While some considerable efficiency improvements
have been demonstrated using multiple timestepping methods for Langevin dynamics
with constraints [30], we shall investigate the simpler fast/slow splitting demonstrated
in Section We would expect that a full treatment of the weak order for such
constraint algorithms could be achieved in a similar manner to the Langevin splitting

algorithms given in previous sections (for example see [73, [118§]).
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We consider propagating a system with Hamiltonian

H(q,p) =p*/2+U(q),  Ulq) =Ur(q) + Us(q)

where ¢,p € R and Ug and Ugr denote the slow and fast components of the potential
energy respectively. For the purposes of analysis, we shall model these with harmonic
potentials, with

Us(q) =q*/2,  Ur(q) = ¢*/(26), (4.67)

where € > 0 is a given small constant. The question we shall be interested in is whether
Langevin dynamics gives us any extra stability for methods that do not dynamics into
fast and slow terms, such as those using the general ABC splitting. In the case of the
first order methods, we can see that any stability relationship between the friction and
step size are not at all, useful as the methods are not consistent for general potentials
in the case of large friction. For the remaining second-order methods using the ABC
splitting, examining Table with m = 1 and w? = (1 + ¢ 2), we can see all of the
methods are stable only for
it < 2

T V14 e?
indicated by a divergence or sign change in the averages. This is the same stability
condition for the deterministic case (2.40)), suggesting that the stochasticity has not

bought us extra stability. We can instead split Langevin dynamics into

dg pdt 0
[dp]_[_Q/Eth—fypdt+\/WdW]+[_th], (4.68)

/

Fast Sfc:w

and proceed as in the case of the rRESPA scheme. As before, we consider the case where
we are able to solve the fast part exactly, though in practice a much smaller timestep is

used as the fast parts are considered cheap, making the error in fast dynamics negligible

0o 1
e oy |

we can write down the flow map for the solution to the fast dynamics as

q)Fast,t <[ 1 ]) = eXp(Ft)
b

where Ry is a column vector of two i.i.d. random normal numbers distributed as AV(0, 1),

in analysis anyway. Writing

F=

1+ BR,,

and

BBl = 2;/0 exp(F (s —1)) [ 8 exp(FT (s —t))ds.

Consider a method taking one step of the slow system, followed by a step of the fast

105



system, using fixed step size 6t > 0. If we denote z = [¢,p]” as the system state, then
we can write this scheme as

Zny1 = Xzp + Y Ry,

for

1 0
X = §tA), Y =
[_5t1]exp< )

1 0
Bs,.
—6t 1] ot

The stability of the method therefore depends solely on the spectral radius of the matrix
X. Denoting w = /2 — 4/€2, then we compute

Det(X) = e 7%, Tr(X) = ﬂe(w*v)&ﬂ + Me(*“ﬂ)‘”ﬁ,

w w

giving a stability condition

<14e %

’ WOt omyit/z | WOt ()it
w w

Multiplying by €?%%/2 gives

cosh <w(5t> + ﬁ sinh (—M> ’ < cosh <’W> ,
2 w 2 2

which reduces to the deterministic stability condition (2.41)) in the limit v = 0. For
v > 0, we can simplify to

2
cosh w—& — atanh ﬁ 1-— 5L < cosh L& .
2 w w? 2

We consider the case with v < ¢!, allowing us to write w = i@ for & € R, and

N 2
cos w—dt — atanh ﬁ 1+ (ii < cosh Lét .
2 w w2 2

The term on the left hand side of the inequality is oscillatory in d¢, while the term on

the right hand side uniformly grows with step size. This implies that for any suitable
v > 0, we can find small pocket regions of the step size where the left hand side is
sufficiently minimized in order to give stability. However, just as in the deterministic
case, these island stability regions are difficult to predict the location of in a more
general system.

The oscillatory cosine term is bounded between +1, implying that we have stability

for all step sizes provided the condition

T 76t
1+ ) < cosh <2> , (4.69)
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Figure 4.4: We repeat the experiment given in Figureusing Langevin dynamics, with
potential energy function choosing € = 1/3. Each pixel represents a simulation
undertaken with parameters (6t, ), with the colour of a pixel indicating the absolute
error in <q2> sc» With white pixels indicating instability. The plotted line gives the
boundary to the region in parameter space where is satisfied.

holds. We expect there to exist stability regions for smaller values of the friction where
this condition is violated, but these will be sandwiched between unstable regions coming
from the oscillatory term. We have guaranteed stability where holds, which we

can simplify to
ot

) ot
\/46_—27_72 < sinh (%) .
For a fixed value of the friction, if we increase the step size the right hand side will grow
exponentially compared to the linear growth on the left hand side, so it would seem
that for large dt we actually need a smaller friction in order to to be stable. Hence the
minimum required friction for stability can be found by considering the case of small

timestep. This gives a bound
1

N

which gives a stability condition for all step sizes dt as long as

V2—2V1— ¢t
v > ¢ Z\/ie.
€

<21
=2

Therefore we expect that the minimum friction value required for stability for all
timesteps 6t > 0, scales with the value of €. Unlike the deterministic case, we are
able to remove linear resonance effects with sufficiently large friction, where 7 is an
arbitrary parameter in our dynamics governing the strength of the noise.

We illustrate this numerically in Figure by applying the splitting scheme
using various timesteps and frictions. Each gridpoint marks an independent simulation
of 108 steps with the given parameter values, where the plotted line marks the boundary
of the region where is satisfied. We simulate using ¢ = 1/3, making our results
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for small friction commensurate with the deterministic case presented in Figure [2.5
which is the limiting case of zero friction.

The island regions of instability vanish as expected for large values of friction, while
choosing v = v/2e ~ 0.471 in this example is plainly sufficient to give stability for all

visible step sizes.

4.3 The overdamped regime

We will consider the behaviour of the elementary Langevin splitting methods discussed
in the overdamped (infinite friction) limit of Langevin dynamics. This involves a resam-
ple of momenta from its equilibrium distribution kg every timestep, removing memory
effects such as inertia. The movement of the system through space becomes purely
diffusive, acting under Brownian dynamics, and evolving with respect to the governing
SDE

dg = —M~'VU(q) + \/2/3M*2aw, (4.70)

with generator Lyyq given through It6’s lemma as
Lova := —M7'VU(q) -V, + 7'V, - (MV,).

Solutions to the so-called overdamped limit of Langevin dynamics, resulting from tak-
ing v — oo, can be shown to converge to solutions to (4.70) with matching initial
condition [41], 51]. As such, the dynamics is ergodic with respect to the configurational
distribution pg.

The limit of infinite friction is known as the Kramers to Smoluchowski limit [51],
where we refer to as the Smoluchowski equation. In this limit, the Ornstein-
Uhlenbeck update (the C' step in the ABC splitting) becomes a resampling of momenta
from its Gaussian distribution, with its evolution exp(dtL¢) replaced by the operator

7, where

(o)) = [ ola.ppadp (71)

for an observable ¢(q,p). Note that as we would expect, step size (and indeed time
itself) plays no role in this resampling step. Our interest in this section will be on
the errors in schemes at the overdamped limit, and the transition between finite and

infinite friction.

4.3.1 Error estimates in the limit of infinite friction

As we have solved the OU process exactly in the ABC splitting, we can simply plug
v = oo into the algorithms for any of the methods to derive an algorithm for integrat-

ing (4.70). We can rewrite the schemes compactly in one-line form, for example the
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[CBABC] scheme has the limiting method

5t
4n+1 = 4n — 7M VU(qn) +

t
VB
for R, ~ N(0,1) a vector of N ii.d normal random numbers. This is evidently the
Euler-Maruyama scheme integrating (4.70]), using an effective timestep h = §t?/2 corre-
sponding to a diffusive timescale [63]. In contrast, the limiting method for the [BACAB]

scheme is

R, (4.72)

5t
Gn+1 = qn — —M VU(Qn) +

5 (Rp+1 + Ry), (4.73)

ot
2VB
where curiously (g,) is no longer a Markov chain, due to the the correlation between
successive steps (the noise process has a ‘one-step memory’). We can recover the
Markovian property by extending the space as necessary.

We may expect that the overdamped limit may serve to benefit some methods. For
example, the results in equation show that for large friction, when using the
perturbed harmonic potential, the leading term of the error for the [BACAB] scheme
is pushed to O(6t4), despite it being a second order method. Of course, this could be
a special case for the chosen observable or system.

Other methods are clearly unusable in this limit. The Stochastic Position Verlet
method [ASA], or any method using the splitting coupling the force together
with the Ornstein-Uhlenbeck process cannot be used at large or infinite friction, as the
drag term dominates the force term resulting in a random walk. It is not enough to
separate the OU process from the force though: all of the first-order schemes considered
in Section [£.1.3] are inconsistent as v becomes large. For example, consider the limiting
method of the scheme [ABC]

Gt = o+
n+1 n \/B

which is plainly not consistent for any step size as no information about U(q) is used

M1/2Rn7

in the update. Any initial distribution will spread out evenly across the space in a
random walk, evidently making the invariant distribution the uniform distribution in
Q.

Some second order schemes with exact OU solves are also inconsistent. For exam-
ple the [ACBCA] and [BCACB] schemes both sandwich an A step between two C
steps, which redraw the momentum before the position is updated: wiping out all force
information.

Our focus in this section will be to examine the behaviour of averages of observables
with respect to the remaining four elementary second-order discretization methods
presented in Section |4.1.3] in the case of overdamped Langevin dynamics corresponding
to infinite friction. If we could solve for the perturbation functions fo then this

would be trivial, as we would know exactly its behaviour for general potential energy
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functions. Similarly in a formal sense, we expect the results of Table and to
be consistent with our analysis in the limit of v — oc.

We shall solely consider averages of functions of position in this section, since in
the limiting case of infinite friction we can think of the system state wholly defined by
instantaneous position. In order to simplify the analysis, we shall take M = Iy Recall

we denote by pg the canonical configurational distribution of position

13(g) = 2% exp(—BU(q)), zg;=3[;emx—ﬂvm»d%

where 3 is reciprocal temperature as usual. Numerical averages of sufficiently smooth

observables ¢ = ¢(q) are taken with respect to the distribution

wm=Aﬁ@mm

where we can think of [i5; representing a method’s corrupted configurational invariant
distribution.

Let us consider the evolution operator for the overdamped methods, denoted P s
and where the C' operation is replaced by C in our notation to indicate that we are
specifically considering the infinite friction case.

In the overdamped limit, a Langevin dynamics method of the form [[GXYXG]] for
X,Y € {A, B} distinct has evolution operator

CXYXC XYX
7)[[ ]] —_ 7T€6t£X/2 e(St[,y elst[:x/Qﬂ_ — ngt ]]71'

00,0t ’

where Pgiwx]] is the evolution operator for the deterministic numerical method [XYX],

which corresponds to either position or velocity Verlet. Using , we can write
PEEYXGH =7m+0tnLypem + 6—t2wﬁfncﬂ' + @71'5377 + ﬁﬂ&m’ + 5—t57rS57r + 5t67rR675t7r,
' 2 6 24 120
(4.74)

using Lx + Ly = Lo+ Lp = L. The S; terms can be computed using the BCH
formula, or explicitly through S; = T [(Ll + Lo+ L3>j], where L1 = L3 = Lx and
Lo = Ly. It is easily verified that S1 = L. and Sy = LIQHC as they appear in (4.74]).

In order to efficiently compute the right hand side of , we can make use of a
number of observations about the interplay of the different operators. The action of the
L4 and Lp operators respectively increases or decreases the order of the momentum
terms by 1, while the action of the m operator averages the momentum terms with
respect to a Gaussian weighting, leaving solely a function of position. Given that the
odd moments of a Gaussian distribution are zero, we can exploit a parity argument
in order to simplify terms. From their definitions, we can immediately see that for all
n >0

f(q) = f(g), a"=m,  LEr=0.
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A consideration of the order of the momentum terms gives that for any 7, j, k € N where
1+ 7+ k is odd,
Ly L Lo = n Ly L LT = 0.

Simple computation also yields
mLplam = —=VU -V, 7r£1247r = ﬁ_lAqw.

In order to simplify (4.74 -, we note also that terms 75,7 will always be of the form
LY i £X7r where i + j +k =n and 4, j, k € N. Hence for any odd n, the 75,7 term
will be zero.

Applying these relations gives

wS1m = wS3m = wSsw = 0,

7Som = w(La 4+ LB)*m = w(L% + LBLA)T = TLogyaT.

The term 7S5 m requires a little more work to obtain. Using the symmetric BCH formula

[2:35)
2 3 ot
PEYX _ 14 4 612 + 5—5 + 5—& + —54 +O(5t%),

with
2

ot
[, Lx+ Ly + BT (2 [,Cy, [ﬁy,ﬁx]] — [ﬁx, [Ex, ﬁy]]) + O(5t4).
Equating the powers of §t* gives

1
Sy=Lh + 5 (Lme[2Ly + Lx, [Ly,Lx]] + 2Ly + Lx, [Ly, Lx]]Lime) -

We can simplify greatly by considering wS4m, as many of the terms will cancel. The

only surviving terms are a linear combination of the operators

LT = 3nLim LT = 3672 A%,
TLpLimp = 3nLpLarLime = —36VU -V (Ayp),
TLALELAT e = LT LELamp = —3 1 (2V2U:V?p+ VU -V(Ap)+V(AU) Vo) ,
TLELALBL AT = nLlpLanLplamp = VU - (Vip) VU + VU - (V2U) Ve,
TLALBLYmp = =287 (VU : Vi + VU - V(Ap)),

TLL LT = 2VU - (V) VU.
(4.75)
Here, as ¢ = ¢(q), we have denoted V =V, and A = A, = V,-V,. Using these terms,
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it is easy to compute

L =7 (La+LB)*(La+ L),
=7 (La+ L) (LY + LBLa) T,
=7 (LY + LaLBLY + LBLY + LBLY + LALLA + LBLALBLA) T,
=3 (L4 + LpLla) T (L4 + LpLla) T
+ 7 (Lalply + LBLY — 2L3LpLA — 2LLALEBLA) T,
= 3w L2, qm + 7 (LaLpL% + LBLY — 2L3LpLa — 2LpLALEBLA) T

Then denoting the commutator term as
U(Lx,Ly)=(Lx +Ly) 2Ly + Lx,[Ly,Lx]]+ 2Ly + Lx,[Ly,Lx]] (Lx + Ly),
we can write
TU(La, Lp)m =1 (LHLY + LaLply + LALpLA —2LpLaLBLA — LBLY) T,
and
TU(Lp, La)m =7 (LHLY — 2LaLBLY — 2L5LBLA — 2L LALBLA + 2LBLY) .

Hence we can write
mSam = 31 (L’gvd + D),

where D is the method dependent operator
capact 1 1 1 1
DICABACT 5L ALBLY + 5523524 — EciLBLA — LLALBLA — 65351,
cpapdn 1 1
DICBABCT 5@,53 — LYLBLA— LBLALBL A + chﬁi.

It makes sense to denote h := §t%/2 as the Brownian timestep, giving

h2
Poost =T+ hmLoyam + ?ﬂ' (Lgvd + D) T+ h3R2,oo,h-

We can then proceed exactly as in the case of the first-order methods in Section [4.1.3
writing
™ — Poo,5
/ [ht(b] 15 (1 + hfac) g
M
h
= /M |:<—[«ovd D) (ﬁgvd + D) — hQRg,OQh) qb] [,UB (1+ hf2,oo)] dg

=—h / <£ovd¢> [115f2,00] + % [Dg] Mﬂ) dg + "Ry o .
M
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By taking adjoints in the leading term, it is clear that f5 o, should satisfy

* 1 *
Lovakpfa.00 = =5 D 1, (4.76)
where D is method dependent with finitely many derivatives. Using
| Pucsi) e = [ omca
M M
we can write
T — Poo,s - T — Poo,s
e ada - [T s 14 ha ]
M M
1 ~
= h//\/l <£0Vd¢ [:uﬁfZ,oo] + 5 [Dd)] Mﬁ) dq - h2R2,oo7ha

and hence choosing fs o to solve (4.76)) we have

/ [h%] fisida = [ [hétqﬁ] (15 (1 -+ hfzoe)] dg — 1 R
M M

Using the result of (4.39), we choose the approximate inverse

ovd ovd

Oy = —Lova + g (Id + £, 5DLyl), <7T_P°°‘”> Qp, =1d + h*Z,,

h

and set ¢ = Qpp to give

/@%MZ/UWMWW/9mm%M+mQW
M M M

for method dependent correction function f3 o, and where ry o, in uniformly bounded
by virtue of D having finitely many derivatives and the set S N ker(w) being stable
with respect to £;V1d (by arguments similar to (4.28))). The simplification produced by

moving to the overdamped limit (i.e. eliminating momentum) allows us to find explicit

solutions to (4.76)) and give formulas for f3 . Letting
Y1 =G |VUP = BAU,  Apg = dupig,
we can compute

DICABAC] _ ;ﬁV(AU) -V — (VU) - (VU)V,

(1 1
—V<26AU—2|VU|> v,

1
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Taking the adjoint and operating on ug gives
~ ~ N\ % 1
DﬂCABAC]]) _ .
(Vg - Vb + pg Avpy)

262

;Qﬂﬁ (—BVU -V + A) v,

26 :U'ﬁﬁovdwla

1 *
= %Eovddjl/’l’ﬂ'

This gives the solution

[CaBaC] _ _ 1 1 [CABAC]
bod =1 (AU =BIVUP), AP = — A,

From the definition of 1, we can also write

CABAC
/ [[ Tugdg = —@ o Appgdg = —— / Apppdg,

giving a more succinct correction

~[CABAC h .
/ wf[st lag = / oppdg — 3 / Appgdg + h*Rog
M M B Jm

Similarly

_ ~ ) 1
pICBABT] _ BVQU V2 4 BVAU -V -VU-(V?U)V,

and defining
Yo = BAU — —- |VU|

we can compute the adjoint operator as

ok 1
(D[[CBABC]]) po = V- (1gVpa) = ﬁ Lovatbatip-

Hence we obtain the solution

CBABC CBABC 1 cBABC] 1 B 2
2[[,00 H_ goo H BYe) 2:cg,oo ]]_7 AU_7|VUV| )
20 2 2
where the constant CHCBABCH is chosen so that < 2[[%ABC]]> =

< HCABACH> 0, it is easy to see that

2,00

[CBABC] /AU
c =93 <7/12> = <4> .

2,00
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0 as required.
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The correction can be written as
~[CBABC
/M iy, lag = / pupdg + —

The remaining limiting solutions can be computed using Lemma We set

46 (Ap + B (1 — ) AU) ppdg + h* R

uoo,(st — ﬂ-eétﬁB/QeistEA/Q’ Too,(st — eétﬁA/Qe(stﬁB/Qﬂ_
so that ~
PES?tABCH = uoo 6tToo ,0t5 PEQ];CBA}] = Too,étuoo,ét'
Using the BCH formula,
ot 5t? ot?
Uso st = (Id +—(La+ £B) + §G2 + 786’3 + (5t4RU4> (4.78)

where
T(La+Lp)m=0, 7Gem=m ((EA +Lp) + LB, LA]) 7 = Lova + TLBLAT,

using the above rules. The G3 term will be a linear combination of terms UBEj , where
1,7 € Nand i+ j = 3. Hence, by a parity argument 7G3m = 0. Then applying Lemma
[4:30 with ¢ = 7y, we have

~[ABCBA ~[CBABC
/ wf[;t Jag = / (Uso,5t0) uf[;t lag
M M
— [ Wosio) [p 1+ AN g 127
M

and equating powers of h we have

ABCBA CBABC 1 "
2[[700 Vg = 2[[,c>o ]]Mﬁ+1(7TG27T) 1.

Computing
(rLuLam)* s = g (AU = B|UP?),

gives

C AU AU
e = gl (v ) = () -

Alternately, setting

Uso 50 = redteal2e0tln /2 Toost = tEB/20tLA/2

gives

CABAC BACAB
POHO ot V- u, 5t Loo 5t Pgoﬁt ﬂ = Too 5tUoo 5t
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We can then proceed by exchanging the £4 and Lp symbols in Ga, to give

- _ _ 1 .
g?.oACAB]Nﬂ = g%BAC]Nﬁ + 1 (7r ((ﬁA + EB)2 + (L4, ﬁB]) 7r> 13,
o [[GABAG}] 1 2\
= pg + — (TLAT) g,
o 0T (wEa) ks (4.79)
_ [CABAC] 1

= oo THe F g5 R
=0,

by . This is perhaps a surprising result, as it implies that the scheme is
second-order in A, or equivalently fourth-order in ¢, for any potential energy function
U(q) and any smooth observable . Schemes have been previously been constructed for
Langevin dynamics with order > 2 [86l, [114], but these require multiple evaluations of
the force; for this reason they are not normally viewed as competitive alternatives for
molecular sampling [65]. By contrast, the [BACAB] scheme (like all Langevin splitting
schemes considered in this thesis) requires only one force-evaluation per timestep.

In summary, we give the correction terms for all four of the limiting schemes as

C C 1 C C 1
fama_ 2 (av-pivup), AT =2 (AU 5 NUP) ,

o 4 o 2 2 (4.80)
2[[7]?30AB]] _0, 2[[71213013/&}] — c— AU/4,

where ¢ = (AU/4). It can be verified that the above correction terms match those
given for the perturbed harmonic oscillator in (4.65)) for ¢ € R and using the observable
©(q) = ¢* with potential energy function

Ula) = */2 +eq" /4,
when taking the limit 7 — 0o, and truncating at O(e?).

4.3.2 Large and finite friction

in this section we consider the behaviour of the composition schemes as we approach
the limit of infinite friction. We shall make use of the following lemma that allows us
to bound the inverse of the Langevin dynamics operator for large friction, which gives

us a step towards bounding remainder terms of our solution in this limit.

Lemma 4.81. For any p € H', where

Hiz{cpeﬁl

(mp) (q) is const(mt} c H,
there exists a constant K > 0 such that for any v > 1
1L 52l 1 (pg) < KN Il (pg)-
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Proof. Defining
L1 =£A+£B+£C~,

using 7L~ = Lo we have
Lip=L1+(y— 1)£C"

We will make use of a result in [51], showing that for all smooth functions u € H' there
exists a 6 > 0 such that
—((u, L1u)) = 0((u, w)),

where the bilinear form is defined as
((u,0)) = afu,v) + b{Vqu, Vqv) + b(Vpu, Vo) — (Vpu, Vqv) — (Veu, Vo),

for appropriate constants ¢ > b > 1. The norm defined by this bilinear form is
equivalent to the norm defined on H(pg).

Thus we have
—({u, LLpw)) = 0{(u, u)) — (v — 1){(u, Lou)). (4.82)
Denoting the i*" component of p as p;, can write
1N
Lo=-—p-Vy+ B Ap= -3 > 050, (4.83)
i=1
where 9y, = 9/0p;, and 9, = —0y, + Bp; is the adjoint map of Jp, in L*(pg). Hence

direct computation yields

{{u, 8y, 0p;u)) = al|Op,ull® + bl VoBp,ull? + bl|Vp0su||* + b3 9pul®
- 2<<Vq8piu, Vpapiu>> - ﬂ<<8qz‘u7 8piu>>7

1
> (a8 (b= 3) ) 190l + 6= DIVl + (0= 11T, 0
g
— oyl
using the identities
—2{(VgOp,u, Vpop,u)) = [[(Vg — vp)apiu||2 - ||Vq8p¢“”2 - ”vpapiqu?
p p p
— 0{(Byyt, By} = 5 10, = By Jul® = S 0> = 510yl

We can bound the remaining negative term as the Gaussian momentum measure xg(p)
satisfies a Poincaré inequality, and hence there exists a constant K’ > 0 such that for
alli=1,..., N we have

10g,ull < K'||Vp0g,ull,
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by virtue of

TOqu = Og;mu = 0,

for all u € 7'{1L Thus, for appropriate choices of a and b, we have

((u, 035, Op,u)) > 0,

? 7P

and hence combining this result with (4.82]) and (4.83)), we can deduce there exists some
K > 0 such that

Vy > 1, Hu”Hl(pﬁ) < KHELDHHl(pB)a
for any u € ’Hi N H? (pp). Taking the inverse gives us the desired result. O

For sufficiently large finite friction v, we would expect the behaviour of computed
averages to approach the limiting behaviour of the overdamped scheme. In order to
make this behaviour precise, we give a bound on the difference between the under-

damped and overdamped Ornstein-Uhlenbeck evolution operators.

Lemma 4.84. For any fized S € N*, there exists constants K, > 0 such that for all
1<s< S anddt>0
HeMc - WH < Ke—ot, (4.85)
B(LE))

Proof. The result follows by, for instance, an application of [98, Theorem 8.7] when

considering the Ornstein-Uhlenbeck process with unit friction and mass M = Id
dp = —pdt + =1 dw,

with generator
Lo=—p-Vp+ A,

The action of the operator on the Lyapunov function s = 1+ (p - p)® is such that for
LeKs=—=2s(p-p)°+ 37" (2Ns (p-p)* ' +4s(s—1)(p- p)s_l) < —Ks + as,

where a > 0 is an appropriate constant. Thus we have constants K, A > 0 such that

for any t > 0

v [ o) ] < KMol

giving exponential convergence towards its average. Plugging in t = 40t and noting
that Lo = v7Le gives (4.85) by applying the bound to any function ¢(q,p) € Lg®, and

taking the supremum with respect to q. O

We can apply this lemma to bound the differences between the evolution of the

Ornstein-Uhlenbeck process in a scheme at finite and infinite friction. Consider the
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over and underdamped evolution operators of a method [CXYXC], for X,Y € {A, B}
distinct. Writing

,P[[CXYXC]] ,P[[CXYXC] (e&gc /2 ) ,P[[XYX] e /ng[i(YX]] ( eStLe/2 _ o

00,0t )

(4.86)
allows us to bound their difference. This implies that for a smooth function solely of

position ¢(q), we have
/ ( PHCXYXC]]) gbA[[CXYXC]] 1 / <I q- nggiyxcn) ¢/\HCXYXC]] dz 41 =0,
Q Q
where the remainder
CXYXC CXYXC CXYXC
= /Q (Pgo,fs(tYX I _Pgt XYX ]}) ‘/55([[% Xvxcly,

can be bounded through an application of Lemma with ( , for 6t sufficiently
small. Choosing a function f; [OXYXC] such that (| is satlsﬁed, we have

/Q <Id - PESEYXC”) ¢ [ (1 + f”CXYXC]])] dz = 6t*r9 00,

by virtue of pg = kg(p) x ps(q). Hence

/Q (I d—PEg?tYXG]]) " [Pﬁ (1 . ot f[[CXYXC]]>] 1

_/ (Id_PES?tYXG]]) ¢A[[CXYXC]]dZ P10t .
Q b

Through the appropriate approximate inverse Qg;, and replacing ¢ = — Qg0 as in the

underdamped case, we can then write

Q

where the 1 can be bounded by terms exponentially small in vdt, while 73 o is uniformly
bounded for sufficiently small step size. Hence for sufficiently large frictions, we expect
the leading 0t* error term for the underdamped schemes of the form [CXYXC], to be
the same as the leading error term in their corresponding overdamped schemes.

It remains to consider the two schemes with the central Ornstein-Uhlenbeck update,
where we used the TU lemma to compute the fs o, terms. Let us consider the [YXCXY]
scheme, again with X,Y € {A, B} distinct. We choose

Ty = 1LV I20EX[20MLC (2 1y SHLC/2HLX 2 By /2, BLx /25ty [2

Uso 5t = TE
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then by application of lemma we have

YXCXY CXYXC
/Qspﬁz[[% ]]dZ:/Q(U(sth) /Z)\([[st ﬂdza

- /Q%o,atso) Pa oz /Q (Wt — Uno, i) ) 2y Ttz

The second integral on the right hand side can be bounded by an exponentially small
term through Lemma while the first term is precisely of the form . Expand-
ing the operator as in , we find an identical result to the overdamped case. Thus
for v > 1 and sufficiently small ét, for any of the symmetric second order schemes that

are consistent at large friction, for sufficiently smooth observable ¢(gq) we have

/QsO(Q)ﬁat = /990((1)% + h/QsO(Q)fz,oo(Q)pﬁ + R,

where f5 o is the corresponding overdamped correction given in (4.80), with h = 5t? /2
and
|R| < K1h? 4 Koe 2,

for appropriate constants K 1,K2,X > 0. Thus we have the same result for schemes
with a central Ornstein-Uhlenbeck update, and schemes with two Ornstein-Uhlenbeck
steps book-ending the method.

This implies that for sufficiently large vdt, the [BACAB] scheme (still in the under-
damped regime) gives an effective fourth-order result for averages of any configurational
observables. Note that the restriction on ¢ to be solely a function of position is of little
consequence, as we have already described that sampling the momentum is trivial and
irrelevant in practical tasks. However, the price paid for this superconvergence property
may be too steep: the increasing the friction to make 4t sufficiently large may have an
adverse effect on the rate of exploration through phase space. As a consequence, it may
not always be optimal (when sampling with Langevin dynamics) to blindly increase -y
to improve the accuracy.

Let us illustrate the convergence of the correction function from fo to fa . as 7y
increases. We generalize the form of the correction function’s governing PDE for each
method in by considering u as the solution to the Poisson equation

Lipu(g,p) = W(g,p), (4.88)

where W (q, p) is independent of the friction v. In (4.51)), the form of W(q,p) is de-
termined by the method we consider and the solution u is the second order correction

function. We make the ansatz that we can write

1 1
U=yUu_1+ U+ —up+ U2+ ...
v ~y
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and seek to rigorously ground this assumption. From (4.88]), we have
(La+ Lp)u+vLou=W(qgp),
and plugging in our ansatz and equating powers of the friction gives

Leu—y =0,
(La+ Lp)u_1+ Leug =0,
(La+Lp)ug + Leuy =W,
(La+ Lp)ui + Lauipr =0, for i € N*.

The first equation implies u_1 = u_1(q), and hence Lpu_1 = 0. The second equation
then becomes

Leug = —Lau—1 = —p-Vgu_q,

with general solution

ug =p- un_l + ﬁo(q),

for some function of position ug(q). Plugging this solution into the third equation gives

the formula
Leuy =W — (La+ Lp)ug =W +VU(q) - Veu_1 —p' (V2u_1)p —p- Vg, (4.89)

which has solution only when the right hand side has average 0 with respect to the
distribution kg, or equivalently when it is in the kernel of m. We therefore need
W =m(La + LB)ug, and hence

1
AW = Ay = VU () - Vo = Lovaior,

giving u_y = EgvldWW. Substituting this into (4.89)) gives
1 - _
Leug =W —aW + BAU_I —p (VV u_1)p—p- Vauo,
and using the identity

Lo(p-Xp+p-Y)=—p (X +X)p+ ;TT(X) -p-Y,
for matrix X and vector Y, we choose X = X7 = V2u_1/2 and Y = V,u to give
Louy =W —7W + La(pt (V2u_1)p/2 +p - Vo),
and hence

uy = LYW —7W) + pT (V2u_1)p/2 + p - Vo + U1 (q),
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for some arbitrary function of position u;. The next equation gives
Leug = —(La+ Lp)u,
with solvability condition 7(£4 + Lp)u1 = 0, which amounts to the choice of
m(La+ L)L (W —aW) = —n(La+ Lp)p - Vo = —Lovalio,

giving g = — L Lm(La + LB)EEI(W — 7mW). Hence we have that
1 1
L1.D (u —Yu_1 — Uy — ’}’U1) = ,;([’A + Lp)ug.

Using Lemma for v > 1 there exists a constant K > 0 such that for any v € H!

we have
122090 111y < Elloll 1 (pg)- (4.90)

Setting v = —(La + Lp)u1/7, we obtain

1
U—YU—1 — Uy — —UL
Y

<

K
HY(ps) 7

I(£a+ Lp)urll g,

and hence there exists some constant K > 0 such that for any v > 1 we have

7
HU —Yu-1 — UOHHl(pB) S ;7
for our choices of u_; and ug, giving
-1 -1 -1 -1 -1 K
| bW =S hmW = b Vol ke W — Lolm(La + L) £ (W — 7TW)HH1( <
PB
(4.91)

Returning to methods denoted by [CXYXC], using (4.51) we can make use of the
identity L] pfops = —psLipf2 to find

Lipf2 =w,

where wpg = S5pg, such that w is independent of the friction v and computed from
the right hand sides of (4.54{4.55)). By the invariance (L% + L3;)ps = 0, we have

(L4, LB gps = (L5 + L) (9°ps) — 9p(Liy + L5)g = gps(Lh + L),

B L 1, 1
(EA + 2£B> 9ps = pp (EA + 2£B> g- 592%

<2£A + £B> 9ps = pg <2£A + [’B> g+ 592%
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where recall g(q,p)ps = Lips = —Fp - VUpg, and hence
(La+LB) | L4+ 553 9pp + L4, LBl aps = pa (L4 +Lp) ( L4+ 553 g
(L4 +LB) <2£A + EB) 9ps — L4, LBl 9ps = pp (L4 + Lp) (QEA + £B> g-
We can compute
* 1 * 1 T 2 1 2
Lat 5L )g=-p Ve+ VUV, Jg=8(p" (VU)p-3IVU),
and hence
* * * 1 *
(L% + L) <£A+ 2£B> g=063p" (VU)VU -V*U :pRp©)D),
similarly
* iy (1 s % 1
(L% + LF) <2£A +£B> g=7 <3pT (V2U) VU — 5V?’U : p®p®p> .
Comparing with (4.54H4.55)), we have

Lupfy PPN = wlOPABCT = % (VU :popop-3p" (V?U)VU),
4.92)

1 (

Lip fEAPACY = g [0ABACT % (3PT (VU) VU = SVU ip@p@ P) '

Noting that 7w = 0 in both cases, we can make use of the bound (4.91)) to show that
there exists some constant K > 0 such that for v > 1

K

Hf2 — L hm(La+ LB)LEleH < o (4.93)

Using the formulas

6
Lo (VU :pop@p)=-3VU :pop@p+ BpTVquU,

Lo (PTVAU) = —p"V AU, Lo (07 (VPU) VU) = —p” (V2U) VU,
it is clear that

1 2
wlCBABCT — %E@ <—3V3U pRPpRp— EPTquqU +3pT (VQU) VU> ’
1

—pTV AU — 3pT (V2U) VU> :

1
WwICABAC] _ ﬁﬁé <6v3U:p®p®p+ 3

12
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Considering the [CBABC] scheme, we can use the formulas

V3U :p@p@p=LYU = L37U.

; (4.94)
1 1
VAU = LAAU = LanAU,  p' (VU)VU = 5LANUP = §£A7T|VU]2,

to write

(4.95)

1
m(La+ Lp) LG wlBABCT = 1’; (La+Lp) <3pT (V2U) VU — §V3U PP P

2 7 >
——p VAU |,
ﬁp 77q
=—m(La+Lp) | zLan|VU|* — s L47U — —LaTtAJU |,
12 2 16}
_ B

o7 (2 (L% + LpLa) n|VU[* — ; (L4 + LpLa) TAU

1 1
—gﬁgﬁin — 3cjw) .

Recall the formulas in (4.75)), giving

T (Ei + ﬁBEA) T = Loy
nLim = 3nLinLon TLp LT = 3nLpLam L.
Using nL47U = A,U/f3, we have

(£A+£B>£ w[[CBABC]] /8 <3 ovd‘VUP

12
and hence

; ovdA U)

Lom(La+ ﬁB)Eglw[[CBABCH =~ (c+ B|VU* = 2A,U)

Co| =

(4.96)
where the constant ¢ is chosen to ensure the right hand side has average 0. Similarly
for the [CABAC] scheme

(EA + EB)ﬁ ,w[[CABACﬂ /ﬁ

o <6 (£A+LB£A)7TU+ﬂ (L4 + LpLa) nAU
3

5 (L% + LBLA) yVU|2> ,
giving the result

Lomm(La+ L)L wIOABACT =

(AU —|VU?).

Oo\»—~

(4.97)
For the other second order schemes, we can perform a similar procedure to find equiv-
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alent results. Alternately, we make use of (4.5744.58)) with
(La+Ly)g=06(p" (V2U)p—|VUP),
to yield the relations

[CBABC] _ .[ABCBA] _ 3
2 T2 8
[CABAC] _ /[BACAB] g (" (V2U) p— [VUP) .

(" (V?U)p—|VU?),

Combining this result with the results (4.96) and (4.97)), we can use (4.93)) to write

1 K
TOBABCL _ _ (e 4 BIVUP —228,0)|| <=, (4.98)
8 o vy
cABAc] 1 K
JOABACL _ (AU - gIVUP)|| < =, (4.99)
8 u vy
[aBcBa] 1 T /o2 A K
5 —g(c+ﬁp (V2U)p—2A,U0) Hg? (4.100)

: (4.101)

A (a0 - " (v20) )| <
where ¢ = (AU). By taking averages of the limiting functions with respect to the
canonical momentum distribution kg, it is evident that in the limit of large friction
the underdamped correction functions converge to their corresponding overdamped
corrections, given in (where h = 6t2/2). The rate of this convergence is at
least 1/~, although in the case of the [BACAB] scheme for the perturbed harmonic
oscillator, it is observed in to converge at a rate 1/92. We would expect that by
continuing to find more terms in our ansatz, we could solve to find the leading order

perturbation for this special case.

4.3.3 Numerical experiment

We consider the one-dimensional system with the uneven double-well potential
Ulq) = (¢* = 1)* +q/2,

and consider using each of the four second order schemes to compute the average of
0 = ¢> — (¢*). We use 3 = 1 with friction parameters v = 0.5 and v = 5, verifying
the results of . For each timestep, we run 128 experiments of 10° total iterations,
using each of the four schemes. We then plot the error and magnitude of the computed
averages for each method in Figure 4.5

We also plot the expected limiting results for the overdamped case as solid lines,
except in the case of the [BACAB] scheme where we expect higher order behaviour. We

demonstrate the approximate convergence of the [BACAB] scheme using a fourth-order
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Figure 4.5: We give the error in computed averages of ¢2 — (¢?) at 3 = 1 for the uneven
double well potential , from simulations using the given timestep and friction for
each of the second order schemes. We plot the observed averages (coloured symbols)
with the results expected from our analysis of the overdamped limit (corresponding
coloured lines). All methods give a second-order trend at low friction, but at high
friction the [BACAB] method demonstrates a superconvergence property. As expected,
as friction is increased the errors in the averages converge towards the errors given for
their overdamped versions. We plot a fourth-order line (black,dotted) to estimate the
behaviour of the [BACAB] method.

guideline (black, dashed) in Figure

As we expect, for small friction the schemes all give second-order errors. Increas-
ing v has a dramatic effect on the [BACAB] scheme, where despite the relatively
large number of computations we are unable to demonstrate any trend in its errors for
timesteps below 0.2, due to sampling error dominating the results. The other schemes
show reasonable convergence towards their respective limiting curves, where we would

expect that increasing the friction would reduce the deviation further.
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Chapter 5

Applications in molecular

sampling

This chapter will focus on practical applications for the framework and numerical dis-
cretization schemes we have developed in previous sections. We begin with describing
two strategies for evaluating the error term during simulation.

Section 5.1 summarizes work in collaboration with G. Stoltz on numerical estimation
of the perfect sampling bias error on-the-fly during simulation. Using a linear response
identity, we are able to evaluate the leading error term as the integral of a correlation
function.

Section 5.2 details new work on perturbing the Langevin dynamics vector field
in order to target higher-order sampling for one specific observable, by manipulating
the PDE governing the leading error term to ensure that the correction function is
orthogonal to the desired observable, with respect to the canonical weighting pg.

We conclude the chapter by giving detailed results of a molecular simulation com-
paring the four second-order schemes developed with four schemes in current use in
MD packages. This work combines new simulation results with those presented in
collaboration with B. Leimkuhler in [69].

5.1 Error estimation using linear response techniques

The results of Chapter 4 show that by using an order s numerical method, we can find
a suitable correction function fs such that for a sufficiently smooth observable ¢(q, p)

we have

/ ppsrdz = / pppdz + 5ts/ fsppadz + 6t r, s, (5.1)
Q Q Q

for uniformly bounded 7, s;, and where f; is a solution to the Poisson equation

Lipfsps = wspp, (5.2)
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for method dependent function ws(q, p). We are able to solve for fs in only select cases
due to the complexity of the Langvin dynamics operator L1 p, such as the first-order
schemes in or the overdamped case in (4.80). However, in the general case it
is very challenging to solve and difficult to compute a numerical solution (using
finite difference methods, for example) due to the extremely high dimensionality in
which the PDE is posed. Thus we are unable to correct the second order methods
at arbitrary, finite friction, as we cannot solve their corresponding partial differential
equations .

Instead, in order to compute the correction value we will work with the right hand
side of , which is easily found using the BCH formula and commutator expansion.
The correction can then be written as an integrated correlation function by virtue of

the linear response identity
oo
[,_]5 = —/ etFrodg,
0

as an operator on H! (see [50, 51} 93] for precise justfication of this equality). For any

value of 7, we have

[ (€720) sz = B fo(a(r)) w01,

where the expectation is taken with respect to all initial conditions z(0) € € distributed
canonically according to pg. Combining these formulas, we can express the correction
as a double integral in space and time, and evaluate the integral using simulation data.

By switching the order of integration, the correction term becomes

/fsgopgdz:/ (Lihwsps) pdz = —/ / (ewLDap) wgppdt dz
Q Q 0 JQ

= [ Elp) w0 . (5.3

In order to calculate this correction value accurately, we shall consider appropriate
methods for computing the integral to high order, using a Riemann sum with a per-
turbed observable function much in the style of backward error analysis and Section
2.1.2)

Let us consider two sufficiently smooth observables ¢, € S , SO

We seek a perturbed observable ¢s; that allows us to approximate a correlation function
to order o € N*, such that

| EGG0)0E0Ndt = 53 Ba (Gnla)ii) +06),

k=0
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where Es; denotes that the expectation is taken with respect to all initial conditions

zo € Q, distributed according to ps;. The (zx) are the discretized points from the

trajectory, where the subscript indicates iteration number, such that zp = z(0).
Assume we have a numerical scheme with evolution operator Ps; and invariant

distribution pg; such that for sufficiently smooth ¢ and sufficiently small 6¢

/sopﬁdz = /‘Pﬁét + O(6t”),

and

_ (Id — Pst

= > = Lip + 0tS1 + ...+ 6t 1S, 1 + 6t*R,,

where R, uses finitely many derivatives. Assuming we have sufficiently small step size,

we introduce the invariant numerical distribution through (¢) = <££E)d>> = 0, where

/ (LiDo) Ypsdz = / (LiD) (¥ — ()er) padz,
Q 0
= /Q (LiD) (W — (¥)sr) Pordz + O(6t%).

(5t > 7’&) <M> =1d,

Then using

we have
L7} = (& > P§t> (Id + 6tS1 Ly 4+ 0t Sy 1 L) + 0t Ra L)
k=0

allowing us to write

/ (Lind) (& = (D)s) psrdz = =3t / (Z Péiq%t) (¢ = ()st) pardz + O(St*), (5.4)
Q & \k=0
for

b5t = (Id + 6tS1LLS + .o+ 8IS, 1 L71) ¢.

Making use of the identity

/Q (PR (1 — (o) Poedz = [ (P (& — ($)sr) ) (& — (Dar) Pz,

Q
P&t ) )1/1/7&(12 )

{O

we find

/ (i P§t$6t> (Y — (¥)st) psedz —/ (Z 73& (¢6t ¢6t>6t)> Ypsidz,
& \k=0
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and hence we can combine the formulas to give

| ElCoweona= [ [T (@E0s) v,

= _/Q( LD¢) Yppdz,
. /Q (Cib0) (& — (V)ar) Fondlz + O(51)

= 5t/Q <ki;0 P <¢A55t - <¢A56t>5t>> Ypsedz + O(5t%).

Thus, choosing ¢g5 = $5t — <$5t>5 , where
t

Bse = 6+ 0tSILTE G+ ..+ 619711 L Lo,

we have
/Ooo E[¢(2(t)) ¥ (2(0))] dt = dt ZE& [Dst(z)10(20)] + 0t Tq, (5.5)
k=0

for sufficiently small 0¢, and sufficiently smooth functions ¢ and v with uniformly
bounded 7.

If we choose a = 1, then ¢g5; = ¢([;1t] = ¢ — (¢)st, reducing to a Riemann sum.
In the more relevant case of symmetric second order methods, we have o = 2 and

S1 = E%D /2. In this case, we choose ¢5; = qb([?t] where
050 = & — (D)ot + 0t (LLoé — (LLpd)sr) /2 (5.6)

and hence using ([5.4)) we have

ZE& EACIEE ZE& [eblaun] - 5 [(0h (€uvé - (Cunddan) vnd
Of course,

;/ (L) (LLpd — (LLpd)st)) Ypsidz = %<(¢ — () st)V)or + O(6%),

giving
S Ea 620 z0)] = S(6lun + 3 Ear [6l a0 (z0)] + 006,
=0 k=1

This is precisely the ‘trapezoidal rule’, although we would not expect identical results
in comparison to the trapezoidal rule as the remainder terms will differ, leading to

different behaviour at higher orders. For schemes of higher order than 2 (for example
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Figure 5.1: Left: The error in the value of the integrated velocity autocorrelation func-
tion is compared at a number of time steps when computed using a Riemann sum (blue)
or the correction term provided in (red). The result from computing the integral
using the trapezoidal rule (green) is also shown. Right: The error in the computed
average of total energy is plotted (blue), with the correction term computed using the
same step size (green) demonstrating the practical application of the method. We can
test the validity of in principle by computing the correction more accurately at
a smaller time step in a separate simulation, this result is plotted in green. All results
are computed using the scheme [CBABC] with g =~ = 1.

a Yoshida-type scheme) we would expect to be able to continue with this procedure to
evaluate the required expectation functions at equally high order.

Returning to (5.3)), we can approximate the correction function by choosing ¢ = ¢
and ¥ = ws in (5.5)), to yield

/Qfsgop/gdz = —5tz Est [pst(2r)ws(20)] + 0t°7s, (5.7)
k=0

for appropriate @gs;. Thus instead of solving to find explicit solutions for the
correction functions fo, we can compute the correction on-the-fly during simulation
using this method. This allows us to correct an average, or gauge the quality of the
discretized sampling.

The function ws(q,p), which comes from the right hand side of , may itself
be computationally expensive to evaluate at every timestep, so this method may not
be practical in all cases (although fs; may also be expensive).

We illustrate numerically the results of and . We consider a small planar
model ¢ = (z,y) € M = (27rT)?, with the potential energy function

U(q) = 2cos(2x) + cos(y).

We fix temperature § = 1, with v = 1 and M = Id, and use the [CBABC] scheme
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to evolve the dynamics. We aim to correct the average energy <p§j /2 + pz /24U (q)>
using (b.1)) to yield a fourth-order average, by evaluating the correction term through
(5.7), where the ws function was computed in (4.92)) as

CBABC
wh I 0) =15 (VU :p@pop—3p" (VU) V).
We compare the observed and corrected averages to the exact average, where the exact
average can be computed to arbitrary numerical precision (due to the simplicity of the
model) using standard solvers.
Additionally we seek to compute the diffusion constant in the z-direction D,, as

the integral of the velocity autocorrelation function

1

D, =5 [Elp.(Op0)at,

to order @ = 2. As well as using the trapezoidal rule, we use the perturbed Riemann

sum given in (5.5, where we set ¢(q,p) = p, and ¥(q,p) = p,/4. The perturbed
observable we use is given by (/5.6) as

¢st(q,p) = ¢(q,p) + %ﬁwcﬁ(q,p) —(o(q,p) + %ELnfﬁ(qm))(st,

_ (1 ~ 7575) Dy — %Fm(Q) - <<1 - 72&> Pz (Z/Fm(Q)>6t,

where F(q) is the force in the z-direction. The computed value for D, is compared to
a baseline value computed using a much smaller step size (6t = 0.05).

For both sets of results, we run 10° repeat simulations for a fixed time interval of 2 x
108, where 6t € [0.2,0.4]. The required Riemann sums were computed during simulation
by maintaining a history of discretized points. This history was kept at fixed time length
20, at which point ¢ and v were suitably decorrelated, minimizing the expected error.
We accept that truncating the length of the Riemann sums in time would lead to errors,
however this is both a necessity of the hardware, as well as a computational concern:
due to the relative simplicity of the model, the computational bottleneck in simulation
was maintaining the history for computing the correction estimates.

We give the results for the simulations in Figure[5.1} The left plot demonstrates that
we are able to compute the velocity autocorrelation to second order accuracy, with the
result improving on the trapezoidal rule. The difference between the two comes from
the presence of the additional higher order terms when using ¢s;, whose interplay may
help or hinder the sampling. We do not expect this method to consistently outperform
the trapezoidal rule for more general systems.

The right hand plot in Figure shows that the observed error in the average
energy is second-order, as expected. We can apply to correct the average, giving
a fourth-order relation (marked in red). However at higher values of §t, we find that

the numerical estimation of the correction introduces large errors itself, that come close
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to complementing the observed average, introducing more error rather than correcting
it. We can remove this behaviour by computing the correction in a separate simulation,
using with a much smaller step size (0t = 0.1), and then use this value to correct
the average. This result (green) is shown to be far more robust, even at larger step

sizes.

5.2 Modified Langevin dynamics equation

We consider using the framework presented in Chapter 4 to analyze the weak order
of schemes integrating a perturbed version of the Langevin dynamics equation, with
a view to increase the weak order of a desired method with respect to pg. While
introducing modified equations to increase the order of symplectic methods is well-
studied [18| [48, 99], we are motivated by recent results for modified SDE equations
[T, 108, 130] and attempt to optimize the efficiency of a scheme by considering only one
class of perturbation to the standard Langevin dynamics. We shall proceed under the
assumption that the step size is sufficiently small and the perturbation is sufficiently
smooth such that the evolution operator of the method (and its derivatives) remain
bounded.

For a fixed step size 0t > 0, we will consider perturbing Langevin dynamics by a

smooth function (g, p) € RY, with a new splitting strategy

b | 0 ~VU(q) + 6t*v(q, p) dt —ypdt +/2y/BMY2aW |
4 B C

(5.8)
The reason we perturb the B piece and not the A or C pieces is for reasons of
computation—we anticipate that the function v will require some system information
in the form derivatives of the potential energy function. As the B step requires a force
evaluation anyway (and hence calculation of all interatomic distances), it will be most
efficient to evaluate higher derivatives of U(q) at the same time (see [76] for examples
with Hessian-vector products). However, we accept that some additional computational
cost will be required.

We cannot necessarily solve the B piece exactly, though as ¢ remains constant we
expect that a high-accuracy solution is attainable using implicit methods or numerical
quadrature. As in the case of multiple time stepping in Section we assume that the
evolution is computed to sufficient accuracy that we are able to use the exact evolution
operator in our analysis.

Proceeding as in Section we define our method through a composition of the
corresponding evolution operators, where we have the L? generator for the B vector
field

Lg=Lp+0t"(q,p) Vp,  L5=Lp— 0"V, (V(g.p)).
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We shall assume that for sufficiently small step size dt, the evolution operator and
its derivatives can be bounded in such a way that we retain sufficient control over any
remainder terms in the Taylor expansion of the method operator . As an example,
let us set M = Iy consider the scheme [CABAC], where

73[[CABAC]] SLC /2 GSLA/2 StL StLC/2 L6tLA/2 _ eatc}t,
with
Lsi = La+ Ly + Lo+ 62554 L 0@61Y) = Lip + 5251 P L o(sth),

where we have introduced

SgCAEACH = SgCABACﬂ +v(q,p)Vp.

Proceeding as in Section using (4.51)), we obtain

CABAC CABAC]\* CABACT\ *
Linf Los (Sg H) pg=— (Sg H) ps+Vp- (vpg),

and hence ~
Lop fAOAPAT = ICABACL L (g, p) — Bp - v(g.p)- (5.9)

This gives us the ability to edit the right-hand side of (4.51)) as we see fit. Recall that

for any sufficiently smooth observable ¢ with () = 0, the correction is of the form

/Q © f2 pgdqdp.

Hence if we seek high order sampling for only one particular observable, we need not
necessarily rely on a method that gives higher order for all observables (which may
be computationally prohibitive). If we can choose a correction function fy (such that
(f2) = 0) orthogonal to ¢ with respect to the weighting pg, then we obtain higher order
sampling if we are able to tailor the right-hand side of (through judicious choice
of v) such that fy is a solution.

The resulting method is not a higher-order method, but instead it is tuned for a
particular observable (or class of observables) to give higher order. As an example, if
we seek higher order sampling for any function solely of position ¢(q), then choosing a
suitable pair of functions v and fa, such that fs is a solution of and 7 fy = 0, will
give high order sampling.

The practical benefit of this approach is that by choosing an appropriate splitting
scheme (our choice of [CABAC] is motivated by the simplicity of wlABACL and its
independence with respect to v ), we can search for any such suitable fs that makes
v(q,p) a computationally amenable function.

The approach also allows for more general corrections, if the computational weight
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of v is not a central issue. Completely annihilating the right hand side of (5.9)) will
give a higher order scheme for all observables. For example, recall from (4.92) that

1
wICABAC] _ % <3p. (VQU) VU — §V3U ) ®p®p> .
Direct computation yields that for
_ T (2 _ T (v2 _ (2
Vl(q7p) - Vq p (V U) p7 VQ(Q7p) - vq (v U) ) 1/3(q7p) - (V U) VUa
we have
Vp 11— Bp-v1 =2V, (VU)p—pBVU :pRpep,
Vp-va—Bp-va=—pY, (V?U)p,

Vp-v3—Bp-vy=—PFp- (VU)VU.

Hence, choosing

V(q,p)=iV3(q7p)—1 (a,p) — =520, D),

2" 126

we have R
CABAC
Lop fANPAT = wICABACL L g u(q,p) — Bp - v(g.p) =0,
2[[CABAC]} _0
We test this method on the uneven double well potential for (¢, p) € R?, where

giving higher order weak sampling for any suitable ¢(q, p), as

Ug) = (- 1)" +q/2

We will correct the average of

olq) = — (¢, (5.10)

at B =~ = 1. We compare the results of the [CABAC] and [CABAC] schemes in
Figure where each datapoint is an average from 128 runs of 108 iterations.

While we do indeed achieve fourth-order sampling from this scheme, comparing the
results of the [[CAﬁAC]] scheme with results in Figurewe see that at the larger tested
step sizes of 6t = 0.2 the error computed using the [BACAB] scheme is approximately
two orders of magnitude smaller than the [CABAC] scheme (which has a nontrivial

increase in computational cost due to the required computation of V3U).

5.3 Application of Langevin dynamics schemes to config-

urational sampling

In this section we shall compare the elementary second-order methods developed in

Chapter 4 with popular Langevin dynamics methods in the literature that are derived
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Figure 5.2: We verify that the modification to the Langevin dynamics method gives
higher-order sampling for the observable given in (5.10), in the case of the [CABAC]

scheme.

through different approaches than the ABC splitting . All methods we consider
will be second order and require one force evaluation per timestep: hence we consider
them all to have the same computational cost as this is the dominant computational
bottleneck in large systems. In smaller systems, the complexity of the algorithm (such
as repeated state updates or generating multiple random numbers) will become more
of a factor, though we will not consider this here.

Numerical methods using Metropolis conditioning, or any form of accept/reject
branching will not be used, although these techniques complement trajectory-based
algorithms nicely. Our focus will remain on methods that produce trajectory data
that is consistent with Langevin dynamics. The metric we shall use to grade methods
will be the computed error in the configurational sampling resulting from taking the
average along the trajectory. This gives an indication of the corruption to the invariant
measure.

As well as the four elementary methods
[CBABC], [CABAC], [ABCBA], [BACAB], (5.11)

we shall test four additional numerical schemes from the literature by implementing
them in the NAMD (Not Another Molecular Dynamics) package [94].

In comparison to alternate MD packages such as GROMACS (Groningen MAchine
for Chemical Simulation) [122] , NAMD offers a lightweight version of the package
(while retaining much of its functionality) called NAMD Lite, designed specifically
for the purpose of testing new algorithms [54]. This allows utilization of the NAMD
force routines, enabling testing using forcefields applied to standard problems in the
literature. Procedures such as load balancing (for parallel simulation) or file handling
are inherited from the NAMD source, making the implementation of the four elementary

methods given in (5.11) very simple, owing to the modular nature of our splitting
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approach. The velocity Verlet scheme [BAB] is standard in almost all MD codes,
making the [CBABC] and [BACAB] schemes particularly easily to implement.

As many packages do not offer a choice of algorithms for the numerical integration of
Langevin dynamics, for our implementation we have adapted the existing workflow and
routines (such as random number generation) utilized in the software. In collaboration
with D. Hardy, we have added the [BACAB] algorithm to the standard NAMD package.

We list the four additional methods that we will compare the schemes in

against:

Briinger, Brooks and Karplus (BBK)

Derived in [14], this extremely popular method is the common benchmark for many
MD codes. Packages such as NAMD use this scheme as standard for the generation of

Langevin dynamics trajectories.

Stochastic Position Verlet (SPV or [ASA])

The stochastic versions of the position and velocity Verlet schemes were proposed in
[82] by Melchionna, using the splitting strategy given in splitting the momentum
from the position. At large friction, the force becomes dominated by the noise term
(leading to inconsistency), while at low friction we expect [ASA] and [ABCBA] to

have very similar behaviour.

Van Gunsteren and Berendsen (VGB)

Used as standard in packages such as GROMACS [122], this method was proposed in
[123] and later revised in a more compact form in [124]. It is not derived from an
additive decomposition of the vector field, but instead from local consideration of the

trajectory itself.

Langevin Impulse (LI)

The Langevin impulse scheme was suggested by Skeel and Izaguirre in [ITI]. The

version of the algorithm we consider is for sampling functions solely of position.

While the BBK and SPV methods are very simple to implement, we found that
the LI and VGB schemes required significant time investment to ensure they were
working correctly, due to the high complexity of the algorithms (all of the schemes are
summarized in the Appendix). Some popular schemes reduce to algorithms we have

already considered, these are given below:
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Bussi-Parrinello

Proposed by Bussi and Parrinello [16], this scheme can be rewritten as exactly the
[CBABC] scheme. Similarly, the scheme given in [109] is equivalent to [CBABC]

using a reparameterized timestep.

Reverse leapfrog

The reverse leapfrog scheme [15] of Burrage and Lythe was derived to sample positions
of harmonic potentials exactly by design, using a Runge-Kutta partioning strategy. Its

update scheme (using unit masses) is

Pnti1/a = Pn — 0tVU(qn)/2,

Pnt2/4 = <Pn+1/4 + ;\/WRTL> (1+~6t/2)7",
qn+1 = qn + 5tpn+2/4>

Pry3ja = (1 —70t/2) pryosa + %\/WRm
Pnt1 = Pnysa — 0tVU (qn11)/2.

For some fixed constant n > 0, plugging in

Y= % <(1—|—e_7’6t)1 - ;) ;

reduces the reverse leapfrog method to precisely the [BACAB] update scheme, using
friction . Correspondingly, using infinite friction in the symmetric ABC schemes is
equivalent to setting v = 2/4t in the reverse leapfrog method, giving the overdamped
method in (4.73). Noting that v = n+O(6t*n?), we expect much of the same behaviour
as the [BACAB] method for low friction, though the reverse leapfrog scheme is plainly

not suitable at large frictions.

GLA methods

Geometric Langevin Methods were introduced in [12], using splitting strategy given in
equation . The Newtonian part is separated from the Ornstein-Uhlenbeck process,
with the pieces integrated in sequence. The correction functions for the second order
GLA methods (using the schemes for the Newtonian part) were shown in (4.60
to be identical to the symmetric methods [CBABC] and [CABAC] up to order
§t* for configurational sampling. In fact, as the A step is the only operation to affect

the position, we expect all of the methods denoted by
[BCBA], [CBAB], [CBABC], [BABC], [ABCB],

to give identical averages when sampling functions of position.
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Figure 5.3: The structure of the alanine dipeptide protein is shown (left) with a visu-
alization of the molecule in simulation (right).

As our focus will be on configurational sampling we will not specifically include
comparisons with GLA schemes as the observed averages in experiments will be exactly
as the either the [CBABC] or [CABAC] scheme, depending on the flavour of Verlet

chosen as the second-order integrator.

5.3.1 A description of the alanine dipeptide molecule

We study the alanine dipeptide molecule, a classic test case for molecular dynamics. We
implement each of the eight considered methods into the NAMD lite package [54], and
observe the effect of discretization error (if any) on computed configurational averages.
The CHARM?22 force field was used to parameterize the potential energy functions
suitably for simulation.

The alanine dipeptide model has 22 atoms with d = 3, where each atom is bonded
to at least one other atom through a harmonic potential. Additionally there are 41
dihedral potential terms confining its shape, however only two of these dihedral terms
are internal, making extensive sampling of its dihedral states computationally painless.

One of the most important features of a numerical method for ergodic dynamics
(such as Langevin dynamics) is its preservation of the theoretical global phase space
exploration rate. The spectral properties of the operator L], guarantee that we will
explore the entire phase space, while the relatively small perturbations to the operator
induced by numerical discretization do not significantly alter the rate of search. Ul-
timately, pushing the timestep up is the only way to breach timescale gaps, although
this comes at the cost of corruption to the long-time averages.

The self-diffusion coefficient gives a metric quantifying the diffusion rate. It is
often used as a way to compare the rate of phase space exploration between methods,
and typically calculated using the integral of the velocity auto-correlation function.
However, arbitrary methods can be constructed to artificially scale the velocity auto-
correlation function, hence giving inaccurate diffusion constants.

Indeed the calculation of a system’s average temperature using the average of kinetic
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energy (the equipartition theorem) by
NkgT = (p" M~ 'p), (5.12)

gives a similar problem: methods can be created that give perfect sampling of this
quantity but give comparatively poor sampling of configurations. For example, con-
sider the results in Table using the [CBABC] scheme with the harmonic oscillator.
We see that we achieve exact results for for any suitable step size dt, whereas
configurational sampling suffers. Conversely for the [ABCBA] scheme, we have perfect
configurational sampling, but poor results for the average temperature when computed
using the momenta.

In the overdamped case, where momentum (if one chooses to use it) is resampled
at each step, it is clearly not appropriate to use any averages of momentum as they
are completely decoupled from the dynamics. Many alternative functions, including
functions of ¢ only, can be obtained whose averages are proportional to the system
temperature [59, 64, 100]. For an arbitrary vector field B : R?Y — RV we have

(VH - B)

kT = —(————+
B <V'B>’

(5.13)
where H is the system Hamiltonian and B is chosen such that the above numerator
and denominator are nonzero and finite. Choosing B = [0,p]? gives exactly (5.12)),

while choosing B = [q,0]7 gives Clausius’ virial theorem
NkpT = —(q-VU(q)), (5.14)

which we shall refer to as the configurational temperature. Of course there are many
other possibilities, a measure of configurational temperature is given in [I7, 28] as

ot (0P

(AU)

by taking B = [VU(q),0]" in . However, due to the extra computation required
by evaluating the Laplacian at each step, as well as the relatively unpredictable denom-
inator at large dt, we will use the virial theorem to compute the configurational
temperature of the system.

Were one able to solve the dynamics exactly, the kinetic and configurational tem-
peratures would of course be commensurate. However, using a numerical method in
the large-timestep regime we instead sample expectations with respect to the perturbed
density ps¢, that may introduce discrepancies between configurational and kinetic tem-
peratures. A configuration-based temperature calculation is normally more useful and
relevant for assessing the quality of configurational sampling methods.

In a similar way, the speed of exploration of the space should not be determined

solely from functions of momentum, but should use actual barrier crossing rates or times
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to reach some target region of phase space as a metronome to gauge the exploration

rate.

5.3.2 Numerical results for vacuum simulation

Our initial test involves running the alanine dipeptide model without boundary condi-
tions or solvent. This approach allows us to run a huge number of simulations in order
to get a flavour for the performance of the algorithms.

We simulate the alanine dipeptide molecule at 300K for a fixed time interval of 2.5ns,
using each of the eight second-order schemes. Multiple runs using different step sizes
and friction constants are used to observe how different simulation parameters affect the
computed averages. A region of the parameter space (where (6t,7) € R?) was divided
into a 50 x 50 grid, with each point on the grid corresponding to a (dt,) parameter set
for a simulation. Values for the friction range from 0.01/ps to 100/ps while step size runs
from 1fs to 3.29fs, with both parameter ranges increased by logarithmic increments.
This parameter spectrum is considered broad enough to contain values that would
realistically be used in computation, but was not so wide as to yield a large number of
unsuitable parameter sets (for example, using an unstable step size) leading to wasted
computation. All the schemes were unstable for the maximum step size tested, ensuring
we gain some information about the relative stability of the schemes.

The results of the 20,000 total independent simulations are given in Figure [5.4
where we colour points on the 50 x 50 grid of parameter sets to indicate the results
from that respective simulation. The colouring gives the relative error in the computed
simulation’s average, where the “exact” comparison value is taken from averaging ten
2.5ns runs using the [BACAB] scheme at 0t = 0.25fs, where it is expected that dis-
cretization error is not significant.

We give errors of four averages—the average total potential energy and average
total bond energy, as well as the error in the average temperature computed using
kinetic data or configuration data . As our focus is on configurational
sampling, we include the kinetic temperature data to verify any correlation between
errors in sampling ¢ and p. Indeed, the results are similar to those of the harmonic
oscillator in Table with the [BACAB] and [JABCBA] schemes giving excellent
results for the bond energy (which is quadratic in position), while the [CABAC] and
[CBABC] schemes give superior results for the kinetic temperature (which is quadratic
in momentum). Evidently judging one by the other is not an optimal strategy, and at
worst would be misleading.

Simulating on such a short timescale, we would perhaps expect to see a very “noisy”
result: high variances due to the sampling error vastly outweighing the discretization
error. But in fact the discretization error dominates in most of the results and is plainly
observable at step sizes significantly below the stability threshold. The results for the
average total potential energy for the [BACAB], [ABCBA] and SPV schemes do show

high variance due to sampling error, though we would expect this to decrease given
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Figure 5.4: We simulate an alanine dipeptide molecule at 300K in a vacuum for 2.5ns
using each of the eight schemes. Pixels colours denote the relative errors of computed
averages in simulations with the prescribed timestep and friction parameters. White
pixels denote instability.
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Figure 5.5: The rate of exploration through the phase space for the alanine dipeptide
molecule in a vacuum is estimated by counting the number of orientation switches the
particle makes (top) and computing the auto-diffusion coefficient using a Green-Kubo
relation (bottom). We achieve similar results for all schemes tested.

additional repeat experiments. Alternatively we could use an interpolation scheme, as
neighbouring gridpoints use have only small differences in their parameter sets. We
elect to leave the noise as it is however, in favour of showing a ‘clean’ unfiltered result.

White pixels in each grid in Figure represent parameters where the method is
unstable, showing that in general there is a small stability threshold increase for the
large-friction case, though there is no significant increase in this threshold between the
methods. Recall that the threshold is set by the fastest degrees of freedom in this
system, which in this case are the N — H bond stretches. In the case of the harmonic
oscillator, all of the consistent second order methods tested had the same step size
limit equivalent to the Verlet step size threshold. Therefore we would not expect any
significant differences in stability where the fastest motion is harmonic.

Of course a step size can be stable but unusable if we desire the error in averages
below some tolerance. For example, if we require at most a 10% error in the computed
average potential energy, then the BBK scheme is evidently unusable at any step size
that we have considered, regardless of the time interval sampled over.

One salient feature of the results of Figure is that for the [BACAB] scheme
there is consistently less than a 1% error in the computed configurational temperature
(for moderate friction) across all step sizes - even the largest stable timesteps tested.
The relative errors obtained were so small that no discernible trend (with step size) can
be shown, (due to the sampling error dominating below this value), whereas the other
schemes tested show smooth error growth consistent with second-order schemes.

Self-diffusion coefficients are calculated from integrating the computed velocity au-
tocorrelation function, where a history is kept of the velocities for 1ps. The values
plotted in Figure show that changing the step size within the indicated range us-
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ing any of the schemes has only a very slight effect on the diffusion coefficient, while
increasing the friction can dramatically reduce it. Examining the graphs, we settle on
~v = 1/ps as the largest value of 7 for which the diffusion coefficient is unperturbed for
all the schemes.

Additionally we compute a physical measure to compare the passage of time. We
count the number of recrossings the molecule makes, which gives the number of times
the orientation of the ¢ and v dihedral angles switch between their two states. For a
fixed value of friction, for all methods this rate of recrossing remains constant, but is
severely decreased for large values of v above 1/ps.

It is interesting that larger damping parameters do not substantially improve nu-
merical stability for any of the methods, except in an extreme case for the VGB method
(v &~ 100/ps), where the diffusion constant is drastically reduced). From our analysis
in Section and Section we would expect that for large friction the [BACAB]
scheme should give a superconvergence property. It is likely that we do not see this
effect due to the dominance of sampling error preventing any reliable statistics at suf-

ficient accuracy.

5.3.3 Numerical results from simulations using solvent

In order to provide a more realistic com-
parison, we immerse the alanine dipep-
tide molecule in a sphere of TIP3P wa-
ter (10A radius, total system contains 424
atoms) and equilibrate for 1ns at 300K to
generate an initial configuration. Simula-
tions were completed using each scheme

considered in the unsolvated case, using

a 10A cutoff for the electrostatic and van

der Waals potentials. The value of friction was fixed at 1/ps in all simulations, given
the optimal performance of this parameter in Figure[5.5] We test a range of timesteps,
starting from 0t = 1fs, with subsequent simulations increasing the step size by 5%,
until reaching a step size where all of the methods fail. This was found after 22 such
increments in the timestep, giving a maximum stable step size of approximately 2.8fs
for this model. Each simulation runs for 5ns at 300K using spherical (harmonically
restrained) boundary conditions to maintain the shape of the molecule.

In order to have a good baseline ‘exact’ result to compare our results, we average 10
comparable simulations using a 0.5fs step size. The baseline simulations were computed
using the [BACAB] scheme, though we expect that using a discretization parameter so
small means that sampling error should dominate over discretization error and hence
the exact result should be effectively independent of scheme.

We plot the results of the growth in discretization error in Figure for the 176

independent simulations. As this model is considerably larger than the vacuum model
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Figure 5.6: We plot the relative error of observed averages computed using each scheme
for the solvated alanine dipeptide model with v = 1/ps and at 300K . Errors are com-
puted against a baseline solution averaged from ten 5ns simulations using the [BACAB]
scheme at 0t = 0.5fs. We omit some results at the smaller step sizes for the average
temperature results due to the high accuracy of some schemes giving results with high
variance.

considered in Section it becomes prohibitively expensive to perform repeat exper-
iments to drive down the variance. Averaging techniques such as importance sampling
[75] or block averaging [74] could be employed to give greater accuracy in the results.

Instead, we recognize that the errors we record provide only an approximation of
the overall behaviour. In the case of the average temperature results, some schemes give
extremely accurate results of around 0.1% error below the step size of 2fs. At smaller
step sizes, the sampling error becomes too large for any trend to be approximated.

Noticeably the [BACAB] scheme provides an order of magnitude improvement in
the configurational temperature results at all step sizes tested. However, the results
for its average kinetic temperature are rather poor, especially compared to its twin
method [CABAC] produced from shuffling the terms around. This foregrounds the
potentially misleading assumption of equivalence between the two types of sampling,
as configurational sampling is of primary concern.

The surprising downward trend of the error using the [BACAB] scheme could be
indicative of higher-order terms dominating in the error expansion, showing that our
asymptotic approach does not give definitive answers about behaviour in the large step

size regime. The analytic results obtained for are understood only for dt — 0.

145



[BACAB] i [ABCBA] [CBABC] [CABAC]
G55 T 215 75 1075 375 1ars W75 G078 1375 1375 175 075 375 1375 A5 07
Potential energy (kcal/mol)  Potential energy (kcal/mol)  Potential energy (kcal/mol)  Potential energy (kcal/mol)

BBK ) LI SPV VGB

4 i AN / A\ /
1375 12715 -1175 1075 -1375  -1275  -1175  -1075-1375  -1275 1175 1075 1375 -1275 1175 1075
Potential energy (kcal/mol)  Potential energy (kcal/mol)  Potential energy (kcal/mol)  Potential energy (kcal/mol)

Figure 5.7: We plot the normalized potential energy distributions for simulations of
solvated alanine dipeptide using each scheme, coloured for increasing step size (1fs in
blue to 2.8fs in red) with successive lines indicating a 5% increase in the step size. Ver-
tical dotted lines indicate the corresponding progression of the average total potential
energy.

The greater restriction on the step size compared to the vacuum case (where schemes
were stable above 3fs) is due to the introduction of the higher frequency O-H bonds.
The slight differences in stability between some of the schemes is surprising as we have
seen that in models where the step size threshold is governed by the harmonic terms all
of the schemes have commensurate stability regions for fixed friction. It is likely that
for multiple repeats, or a longer integration time, similar stability properties would be
observed.

We additionally compute a histogram of the distribution of potential energy for
each simulation, by dividing the interval [—1500, —1000] (kcal/mol) into 150 bins and
normalizing the resulting density. We compare the computed distributions with a
baseline distribution computed using the same ‘exact’ results from Figure We plot
all of the resulting histograms in Figure colouring the results according to the step
size used to obtain them (increasing step size is marked from blue to red), overlaying
the exact distribution in black.

The [ABCBA] and SPV schemes perform very well, with only a noticeable differ-
ence from the exact distribution as the step size approaches the stability limit. Some
schemes, such as BBK or [CABAC] perform very poorly, with even the smallest step
sizes tested giving a visible difference between the distributions. This indicates that the
system is able to access much higher energy states than it would do in exact sampling.
At the highest step sizes the exact and observed distributions have very little overlap,
suggesting a complete failure to sample the system.

The distributions generated from trajectories computed using the [BACAB] scheme
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deviate by only a very small amount, even at the highest step sizes tested. Comparing
the energy breakdown, primarily the average bond and dihedral energy terms are re-
sponsible for the errors in average potential energy. From the results of the perturbed
harmonic analysis in equation , the annihilation of the leading term in the error
series (at order €) appears to lead to the behaviour of the [BACAB] scheme. The par-
allel success of the [ABCBA] and SPV schemes (which share a similar update strategy,
especially at small friction) support this observation, as such schemes also give excellent
configurational sampling properties in (4.66]).

The success of the [BACAB] scheme suggests that large improvements could be
made to any methods that use Langevin dynamics as a tool for trajectory generation.
Improving a method’s efficiency (e.g. allowing the use of a larger basic timestep in
simulation) thus has a knock-on effect on the efficiency of all the methods that rely on
such trajectories. While relative improvements of a few percentages in efficiency can
already warrant a minor change in software implementation, our analysis points to a
more dramatic (even qualitative) difference among various methods leading to prospects
for much greater efficiencies by selecting a suitable method.

The contribution of error coming from the restraining boundary condition energy
was extremely small, suggesting that the properties of the bulk water in the model
are responsible for the differences in efficiency seen here. Hence we would expect the
observed corruption of averages to be generalizable to any simulations involving other
boundary conditions, or other simulations involving water. Note that we would not
expect similar results had we looked at the momentum distribution, but instead this

behaviour is unique to configurational sampling.
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Summary and conclusion

The research given in this thesis is devoted to explicit computation of the errors in-
troduced through numerical discretization of Langevin dynamics, with a focus on the
computed trajectories used to sample canonical configurational averages of a molecular
dynamics system..

We have analyzed and tested four new second-order Langevin dynamics discretiza-
tion schemes that require one force evaluation per timestep, based upon a new (ABC)
splitting strategy for the SDEs. In a molecular dynamics simulation of a solvated pro-
tein, one of the new schemes was found to significantly outperform all other methods in
tests involving configurational sampling. At large step size, the discretization error was
found to dominate the random sampling error for typical integrators found in standard
MD packages.

This has a potentially large impact on many disciplines that rely on molecular
dynamics simulation. If simulations can significantly increase the timestep without
compromising on the sampling quality, then either the required wall-clock simulation
time is dramatically decreased, or it enables a longer the integration interval to sample
over.

We make rigorous the error estimates given in [68], and make precise statements on
the relations between errors in the observed averages of different schemes, solving to
find the leading correction terms in the case of the first order methods. In the case of
the second order methods, we use a linear response technique to numerically estimate
the required correction. Alternatively we discuss methods of modifying the Langevin
dynamics equations to provide higher-order sampling tuned to specific observables.

Schemes for the overdamped (infinite friction) limit of Langevin dynamics (or Brow-
nian dynamics) are studied as the limiting cases of methods splitting the Ornstein-
Uhlenbeck process up from the Newtonian dynamics. We solve to find the correction
term for these overdamped schemes, and prove that one scheme has a superconvergence
property in this limit. The limiting method of this scheme gives a fourth-order error
in observed averages, while requiring only one force evaluation per timestep.

There are a wide variety of future directions for this work. The framework we use
can be naturally extended to provide explicit weak error estimates for SDEs other than
Langevin dynamics (such as Nosé-Hoover Langevin dynamics or line sampling

(3.17)), assuming similar hypocoercivity results hold allowing us to bound the remain-
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der terms. Potentially this would allow estimation of weak sampling errors between
schemes that integrate different dynamics, although we would not necessarily expect to
find the cancellations at higher order that we demonstrate in some Langevin dynamics
schemes.

The results of perturbing the Langevin equation in Section 5.2 suggest that the
framework presented could be extended to include schemes that compute averages of
non-equilibrium systems, which amounts to perturbing the force in a similar manner.
This could allow greater fidelity in the computation as static quantities such as the
diffusion coefficient.

To overcome some numerical stability issues in simulation, holonomic constraints
are sometimes used in molecular dynamics to fix bond lengths or angles between nuclei.
It is not obvious whether discretization schemes for Langevin dynamics with constraints
that use a splitting analagous to those presented in this thesis inherit the same prop-
erties as discretization methods without constraints (e.g. exact sampling of harmonic
potentials). This is particularly relevant for the method with the superconvergence
property.

We conclude by stating that the [BACAB] scheme, and its limiting method in
, demonstrate excellent configurational sampling properties in both experiment
and analysis. The scheme shows great potential to significantly improve the weak accu-
racy of many algorithms employing Langevin dynamics to sample molecular dynamics

systems.
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Appendix A

Numerical Methods

We give the numerical methods used in this thesis, assuming timestep dt, friction
constant v with diagonal mass matrix M and position and momentum vectors ¢,p € RV
respectively. The force is F(q) := —VU(q), where we use temperature T and kp is
Boltzmann’s constant. R, is an N-vector of independent, identically distributed normal
random numbers with zero mean and unit variance. Where J > 1 random numbers are
required per degree of freedom, multiple independent (uncorrelated) random vectors

are denoted R%j),j =1,...,J in the schemes.
—— [BACAB] - -

Note: This scheme is available in recent versions of NAMD (after Jan 2013) by including

options ‘langevin on’ and ‘langevinBAOAB on’ in the input parameter file.

ot
Pn+1/3 = Pn + EF(QTL)v

ot
Int1/2 = qn + §M YPni1/3,

Pusosz =€ ppy1sz + \/k‘BT (1— e 20 M'/2R,,

ot
In+1 = dnt12 + 5 M YPrtass,
ot

Pn+41 = Pnt2/3 + gF(an)

— — [ABCBA] - -

ot
Gns1/2 = Qo+ 5 M 'pn,
ot

Pnt1/3 =Pn + §F(qn+1/2)a

Pni2/3 = e_7§tpn+1/3 + \/kBT (1 — 6—275t)M1/2Rn7

ot
Pn+1 = Ppy2/3 + EF(%+1/2)>

ot
In+1 = Qnt1/2 + §M YPns1
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— — [CBABC] - —

Pnt1/a = e 10 2p,, + \/kBT (1 — e MY2RM).
ot
Pn+2/4 = Pnt1/a + §F(qn),
Un1 = n + StM ' py o4,

ot
Pn+3/4 = Pnt2/4 T EF(an),

Prs1 =€ 0 2p 0y + \/kBT (1— et M'V2RY

— — [CABAC] - -

Pnt1/3 = e V0 2p, + \/kBT (1 — e M'2RD,
ot

dnt1/2 = Gn + §M Pnt1/3s

Prt2/3 = Pny1/3 + 0tF (qni1/2),

ot
qn+1 = Qnt1/2 + §M 1Pn+2/3,

Ps1 =€ 0 2p, Lom+ \/kBT (1—e0)M'/2RP

——  Van Gunsteren/Berendsen (VGB) ——

We must initialize the vector X € RV,
X1 = raM 2R,
and then iterate

Vn+1 = ﬁ1M71/2R£}),

Vg1 = koXn + ksM~Y2R(2).

n
3 1— e—'yét 3 R
Pnt+1 =€ ’Y&pn + fF(qn) + M (Vn+1 —€ ﬂﬂ;tVn+1> 5

Xpq1 = kgM V2R,
Xng1 = 65Vig1 + kM /2R
eV0t/2 _ o—y0t/2

Qnt+1 = 5 M71Pn+1 + Xpt1 — Xy,
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where we use vectors X, X, V, V € RY. Constants ; € R are given as

K1 = \/kBT(l — ety
2'7 _ ’767&/2 _ 76—761&/2
Yt — 3 4 =70 (4e70t/2 — 1)’

R =

T Y6t (e7% — 1) — 4 (e79t/2 — 1)2
s = vOt — 3+ e 0t (46’7&/2 — 1) ’

k4 = ’Y_l\/kBiT\/’yét — 340t (467&/2 _ 1)7
1 (2- V0t _ o0t
Ky =7 ( _27(% 1 > ’

A6t (€770t — 1) + 4 (e=7/2 — 1 2
- TBT\/ DAY )

1

——  Stochastic Position Verlet (SPV) ——

ot
Gn+1/2 = n + EM 1pn)
=70 1z ™ _e_wF kpT (1 —e~209)MY2R
Pnt1=¢€ P+ 5 (Gny172) +\/ kBT (1 —e ) ns

ot
Int1 = qny1/2 + EM "

—— Langevin Impulse (LI) ——

We use the algorithm designed for configurational sampling; a correction term is given in
[111] to improve the sampling of momenta, though this has no effect on configurational

averages. We must initialize the vector Z € RV,
AR M2 (agRo + aRy) .
and then iterate

Prti1/a = Pn + wOtF(gy),

Pni2/4 = e 0t/ (pn+1/4 + wZn) )
1— e—'yét

dn+1 = QGn + _1pn+2/47

"}/6_'7&/2
Zns1 = M2 (@R, + &Rpi1),
Pntsja =€ t/2pn+2/4 +WZn1,

Pnt1 = Pny3/a + OF (qnt1),
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where
- et 4ot — 1
0t (1 — o)
a=kgT (2w2’y5t +w-— d)) ,
b=kpT 2woydt+w — w),
c=kpT (20°y6t + w — @),

w=1-—w,

a:2’1/2\/c+a+ (c+ a)? — 4b?,

d:2’1/2\/c+a—\/(c+a)2—4b2,
o =Va?—ec.

——  Briinger/Brooks/Karplus (BBK) ——

ot ot 1
Pnt1j2 = (1 - 72) P+ EF(Qn) +5 2vkpTotM'Y*R,,,
In1 = Gn + 0tM " 'ppi )0,

AN St 1
DPnt1 = (1 + 72) <Pn+1/2 + §F(qn+1) + 2\/WM1/2RW> -
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